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ABSTRACT  
 
Metallophthalocyanine-single walled carbon nanotube conjugates were successfully 
synthesized and applied in the electrochemical characterizations of pesticides 
(amitrole and diuron) and 2-mercaptoethanol (2-ME). The formation of conjugates 
was confirmed through the use of the following analytical techniques: UV-vis, FTIR, 
Raman and XRD spectroscopies, atomic force and transmission electron 
microscopies and voltammetry.  
Chemically linking SWCNT to MPcs created platforms that offered efficient transfer 
of electrons and this was confirmed through electrochemical impedance studies (EIS) 
and voltammetry as shown by lower ∆Ep values observed in conjugates. Carboxy 
carrying MPcs have very poor electron transfer kinetics (both tetrasubstituted and 
low symmetry), but the presence of SWCNTs activates their catalysis. 
All electrochemical studies were done at pH 4. Cyclic voltammetry, rotating disk 
linear sweep voltammetry, chronoamperometry and EIS were used in the 
electrochemical characterization of 2-ME and the pesticides on poly-Ni(OH)TAPc 
and MPc-SWCNT modified glassy carbon electrodes (GCEs). High Tafel slopes were 
observed for the pesticides relative to 2-ME, an indication of the passivating nature 
of their oxidation products. However, conjugates showed very high resistances to 
passivation and were easily regenerated by shaking in methanol. Improved catalysis 
of the conjugates is also indicated by the high catalytic rate constants for the 
analytes, observed on these electrodes. Conjugates of low symmetry MPcs with 
SWCNTs gave the highest catalytic rate constants, confirming better catalysis on 
these electrode surfaces. 
The nature of SWCNT functionalization also affected catalysis, with amine 
functionalized SWCNTs inducing better catalytic properties into the MPcs than 
carboxylic acid terminated CNTs. The presence of amine functionalized SWCNTs 
activates the catalysis of non-catalytic carboxy-carrying MPcs and this is more 
pronounced in conjugates of tetrasubstituted MPcs relative to those of low symmetry 
Pcs. Ethylene amine (EA) functionalized SWCNTs reduced redox overpotentials of 
the MPcs  more than the phenyl-amine (PA) functionalized counterparts. 
v 
 
Poly-NiTAPc was successfully converted to poly-Ni(OH)TAPc through cyclisation in 
pH 4  buffer and showed very good catalytic properties towards diuron, relative to 
the former.   
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CHAPTER 1 
 
INTRODUCTION 
 
This chapter gives an overview of the metallophthalocyanines (MPcs), 
single walled carbon nanotubes (SWCNTs) and the MPc-SWCNT 
conjugates used in this thesis. Included in this introduction are: a 
summary of synthetic approaches, microscopic, spectroscopic and 
voltammetric techniques used in this study. 
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1.1 Phthalocyanines 
1.1.1 Discovery and general applications 
The name phthalocyanine was coined by Linstead (1933) to describe both its origin 
from phthalic anhydride (phthalo) and its strikingly beautiful blue colour which was 
similar to cyanine dyes. Phthalocyanines (Pcs) are man‟s synthetic analogues of the 
porphyrins, such as chlorophyll, cyanocobalamine (vitamin B12) and haemoglobin [1-
3]. Pcs and their metallated forms (MPcs) are planar and highly conjugated 18л-
electron systems [4]. The л-electron ring consists of alternating carbon and nitrogen 
atoms. The first metal-free phthalocyanine (H2Pc) was reported in 1907 [5] and in 
1927 de Diesbach and von der Weid made CuPc [6]. However, none of them 
characterized the products, so the discovery of Pcs is attributed to chemists at 
Scottish Dyes Ltd, who later made and characterized iron phthalocyanine (FePc), 
whose structure was elucidated by Linstead [7-12] at Imperial College and 
confirmed by Robertson [13-17] using X-ray diffraction (XRD). A patent describing 
the manufacturing process was filed in 1928 [18]. 
Pcs are brightly coloured, with high tinctorial strengths. They are the majority 
of the blue and green pigments used to make inks and car paints [1,19]. Pcs have 
found commercial applications in photocopying, laser printing, information storage, 
odour removal, oil sweetening, computer disk writing and infrared security devices, 
display devices (electrochromism and electroluminescence), organic catalysis, 
electrocatalysis, photocatalysis, photovoltaic devices, lithium batteries, gas sensors 
and fuel cells [1,20-27]. Today they are being developed for high technology 
applications such as photodynamic therapy of cancer and non-linear optical 
applications (e.g. optical limiting). MPcs whose accessible d-orbitals lie between the 
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO) levels of the Pc2- ligand, such as Cr, Mn, Fe and Co, play a role in the 
oxidation-reduction processes [28]. As such they have assumed an important role of 
being efficient electron transfer mediators in electrochemical reactions and 
electrocatalysis [25].  
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1.1.2 Syntheses of phthalocyanines 
The Pc macrocycle has four iminoisoindoline units that are formed through 
cyclotetramerisation of the precursor units, under appropriate conditions. Scheme 
1.1 shows the various precursors that can be used in the synthesis of Pcs. 
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Scheme 1.1: Syntheses of MPcs from typical Pc precursors.  
 
 
C( 
I 
  Introduction 
4 
 
1.1.2.1 Unsubstituted phthalocyanines 
Synthesis of unsubstituted MPcs involves a one-step condensation of the Pc 
precursors in the presence of a metal salt. The precursors include the following: 
phthalic acid (1) [29], phthalonitrile (2) [19,30], phthalic anhydride (3) [19], 
phthalimide (4) [31], diiminoisoindoline (5) [23] and o-cyanobenzamide (6). Phthalic 
acid (1) can be used in the stepwise preparation of the phthalonitrile (2) precursors 
[32], via the formation of the phthalic anhydride (3) and phthalimide (4). Two main 
routes are used today for the synthesis of Pcs, namely the phthalonitrile (2) and the 
phthalic anhydride/urea (3) [19]. The phthalic anhydride/urea route is used for the 
large-scale production of Pcs since it utilizes inexpensive starting materials. 
However, for laboratory and high purity Pc synthesis, the phthalonitrile route 
(Scheme 1.1) is used. Generally a finely ground mixture of the phthalonitrile 
precursor, ammonium chloride, urea, metal salt and a catalytic amount of 
ammonium molybdate is added to a high boiling point solvent like pentanol [33], 
nitrobenzene [29]  or dimethyl-formamide (DMF) [34].   
Metal free Pcs (H2Pcs, Fig. 1.1) are synthesized by the cyclisation of 
phthalonitriles in the presence of lithium alkoxides [35] (normally of pentanol or 
octanol) in high boiling point solvents like chloronaphthalene or quinoline [36]. 
Alternatively H2Pcs can be formed through the demetallation of MPcs [37-39]. The 
H2Pcs serve as precursors for various MPcs, hence addition of a pure metal salt to 
the H2Pc, leads to high yields of the MPcs.  
The major limitation of unsubstituted Pcs is their poor solubility in common 
solvents because of the л-л interactions which keeps them together. This makes their 
purification a major obstacle, though repeated Soxhlet extractions and 
recrystallisation in sulphuric acid and water has yielded relatively pure Pcs. To 
enhance their solubility, Pcs have been substituted on their peripheral and non-
peripheral positions, using a variety of groups. Tetra- and octa-substitutions have 
been done to improve their solubility. 
  Introduction 
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Figure 1.1: Metal free phthalocyanines (H2Pcs).  
 
1.1.2.2 Tetra-substituted Pcs 
Substituents can be introduced directly onto the existing Pc ring, e.g. 
sulphonation [40] or by using monosubstituted Pc precursors. Pcs have 16 possible 
positions of substitution around the ring as shown in Fig. 1.1. Positions 1(4), 8(11), 
15(18) and 22(25) describe the non-peripheral (α) positions, while positions 2(3), 
9(10), 16(17) and 23(24) describe the peripheral (β) positions. Substitution on one α-
position or one β-position on the four phenyl groups of the Pc ring produces 
isomeric tetra-substituted Pcs with reduced aggregation tendencies [41]. Polar 
substituents such as sodium salts of sulphonic acid, carboxylic acid or phosphonic 
acid groups provide water-soluble MPcs [42]. In this study, focus is on peripherally 
tetra-substituted MPcs (Fig. 1.2), using amino and carboxylic acid groups that can be 
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further derivatized with single walled carbon nanotubes (SWCNTs) for use in 
electrocatalysis.  
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Figure 1.2: Tetraamino-substituted Pcs (TAPcs), CoTAPc (7a), FeTAPc (7b), 
NiTAPc (7c) and cobalt (II) tetracarboxy-Pc (CoTCPc, 8). 
 
Tetraamino-Pcs (7a-c) may be prepared from the reduction of tetranitro-
substituted Pcs using sodium sulphide nonahydrate (Na2S.9H2O) [29,30]. The 
tetranitro-Pcs may be synthesized from the tetracyclisation of 4-nitrophthalic acid or 
4-nitrophthalonitrile in the presence of ammonium chloride, urea, a catalytic amount 
of ammonium molybdate and an appropriate salt [29,30,43]. Tetranitro-Pcs have also 
been prepared via microwave synthesis [44] followed by reduction with Na2S.9H2O 
to give tetraamino-Pcs. Peripherally tetra-substituted MPcs were chosen in this 
thesis because of their higher solubilities in organic solvents relative to the 
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octasubstituted counterparts, due to the former having lower order in the solid state 
and higher dipole moments [42]. Metal tetraamino-phthalocyanines (MTAPcs) in 
particular, are very useful in the preparation of chemically modified electrodes 
(CMEs) for electrocatalytic reactions [44-48]. MTAPcs can be adsorbed or 
electropolymerized on glassy carbon electrodes [49]. The amino groups provide sites 
for chemically linking MTAPcs to acid derivatized SWCNTs [50]. 
Cobalt(II)-tetracarboxy-Pc (8) may be prepared using the phthalic anhydride 
(3) and urea as starting materials in the presence of a metal salt [51]. The carboxylic 
acid groups of the Pc molecule provide sites for the formation of chemical linkages 
with amino-functionalized SWCNTs [52].  
Apart from their use in chemical bonding and improving solubility in aprotic 
solvents, the carboxylic acid and amino groups on the Pc ring change the 
electrochemical and physical behaviour of the MPcs. Their respective electron-
donating and electron-withdrawing properties affect the redox chemistry of the 
central metal, with the electron-donating group i.e. -NH2, reducing the oxidation 
overpotentials and vice-versa for the electron-withdrawing group [53].  
Synthesis of MTAPcs (7a-c) and cobalt (II) tetracarboxy-Pc (CoTCPc (8)) is not 
new, but in this study focus is on how their electrocatalytic properties are influenced 
by the presence of SWCNTs that are chemically bound to them.  
 
 1.1.2.3 Low symmetry phthalocyanines 
Monofunctional Pcs can be obtained through statistical condensation between 
two different substituted phthalonitriles or diiminoisoindolines [54,55]. This method 
produces of a mixture of products, which requires rigorous chromatographic 
isolation of the desired product. The second method involves the subphthalocyanine 
(SubPc)
 
ring expansion [55-58]. SubPcs are Pc analogues having only three isoindole 
subunits. The third method involves the reaction of a polymer-bonded phthalonitrile 
with differently substituted dicarbonitriles in solution followed by cleavage of the 
formed Pc [59,60].  
Monoamino-Pcs, just like tetraamino-Pcs, can also be prepared by hydrolysis of the 
appropriately protected amino groups (e.g. acetamido) or by reduction of the nitro 
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group in substituted Pcs [61-64]. The monoamino-substituted Pcs can be chemically 
linked to compounds carrying carboxylic acid, acid chloride or acid anhydride 
moieties to produce conjugates with improved solubilities. Functionalized Pcs can be 
chemically linked to SWCNTs for a variety of purposes including drug delivery [65-
67] and electrocatalysis [68,69]. The presence of one -NH2 group leads to a more 
defined bonding.  
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Figure 1.3: Synthesized low symmetry Pcs, (a) Cobalt (II)-tris(benzyl-mercapto)-
monoaminophthalocyanine (CoMAPc, 9) and (b) Cobalt (II)-tris(benzyl-
mercapto)-mono(carboxyphenoxy) phthalocyanine (CoMCPc, 10). 
 
Cobalt (II)-tri(benzyl-mercapto)-monoaminophthalocyanine (9), (CoMAPc) 
and cobalt (II)-tri(benzyl-mercapto)-mono(carboxyphenoxy) phthalocyanine (10), 
(CoMCPc), are being reported here for the first time (Fig.1.3) and were chemically 
linked to SWCNTs and used in the  electrocatalysis of amitrole, diuron and 2-
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mercaptoethanol (2-ME). Low symmetry Pcs of this nature, containing carboxylic 
acid or amino groups, have an advantage of controlling the orientation and the 
number of the incoming groups, thereby giving rise to a well defined structure of 
limited size. The orientation of such derivatives on the electrode surface can be pre-
determined and the electron transfer properties ascertained. The aryl thio groups 
were used in both CoMAPc (9) and CoMCPc (10) to improve solubility and reduce 
aggregation. Little or no aggregation is good for the effective transfer of electrons 
across the electrode|analyte interface.  Due to their electron donating nature, the 
aryl thio groups lower  the cobalt redox potentials, improving electrocatalytic 
behaviour. 
 
1.1.3 UV-Vis electronic absorption spectra for phthalocyanines 
The following bands are typical of MPcs and  H2Pcs UV-vis spectra, as shown 
in Figs. 1.4a and 1.4b respectively: (i) the Q-band (very intense absorption band, 
found in the region of 660 – 1000 nm), (ii) the vibronic bands (close to the foot and 
the blue end of the Q-band), (iii) the charge transfer band (a result of electron 
transfer between the ligand (L) and the metal (M) centre), can be either M → L or L 
→ M and is blue shifted relative to the Q- and vibronic bands and (iv) the B- or Soret 
band (a result of the superimposition of two bands, B1 and B2, giving rise to the weak 
band around 350 nm). MPcs and H2Pcs are characterized by single and split Q-bands 
as shown in Figs 1.4a and b, respectively. 
 
 
  Introduction 
10 
 
 
 
 Figure 1.4: Typical electronic absorption spectra for (a) MPcs and (b) H2Pcs.  
 
b2u
a2u
a1u
eg
HOMO
LUMO
Q B1 B2
Increase
in energy
E
 
      
Figure 1.5: Diagrammatic representation of the origin of the Q and B-bands. 
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Fig.1.5 gives the diagrammatic representation of the electronic energy level 
transitions that are responsible for the formation of Q- and B-bands. The Q-band is 
due to the л-л electronic transitions from the HOMO to the LUMO of the Pc ring, 
Pc2-, a1u → eg. The B - bands are a result of electronic transitions from the deeper л-
levels to the LUMO as shown in Fig. 1.5, B1 (a2u → eg) and B2 (b2u → eg). The position 
of the Q-band can be tuned through varying the following factors: central metal, 
symmetry and substituents (position, size and number of substituent groups) [41,70-
73].  
 
a2u
a1u
eg
Non-metallated Pc Metallated Pc
(a) (b)
 
 
Figure 1.6: Diagrammatic representation of the origin of the split Q–band in H2Pcs 
(a) and single Q-band in MPcs (b). 
 
Fig. 1.6a and b show the diagrammatic representations of the energy levels for 
the H2Pcs and MPcs respectively. The LUMO of the H2Pc is non-degenerate (D2h 
symmetry), as compared to the degenerate LUMO of the MPc (D4h symmetry). As a 
result there are two allowed transitions from the HOMO level to the non-degenerate 
  Introduction 
12 
 
LUMO levels, hence the appearance of a split Q-band in H2Pcs, as shown in Fig. 1.4b. 
When the empty Pc core is occupied by the metal ion there is change in symmetry 
from D2h to D4h and this is responsible for the observed conversion from a split Q-
band to a single Q-band.  
 
1.1.4. Solution electrochemistry of MPcs  
1.1.4.1. General behaviour 
The MPc electrochemistry is characterized by multiple and often reversible 
redox processes that are localized on the metal center or the Pc ring [21,74-79], both 
in solution or when adsorbed on electrode surfaces. MPcs can be reduced or 
oxidized, but still retain their molecular structure and stability [21]. The Pc2- ring can 
be oxidized (Pc2- → Pc1- → Pc0) or can be successively reduced (Pc2- → Pc3- → Pc4- → 
Pc5- → Pc6-). The electroactive transition-metal Pcs (Cr, Mn, Co and Fe) whose d-
orbitals lie between HOMO and LUMO of the Pc ligand [80-82] have their metal 
oxidations or reductions occurring in between those corresponding to ligand 
reduction or oxidation [83-85], in the presence of coordinating species that would 
stabilize the metal center [80,82]. For MPcs containing non-redox metals such as Ni, 
Cu, Zn, Pd, the redox processes take place on the Pc ring. Their redox chemistry will 
be similar to those of MPcs containing a non-electroactive metal [86].  
Changes in the nature of the peripheral substituents affects the electron 
density and consequently the redox chemistry of the Pc macrocycles [21,87,88]. 
Electron-donating substituents (e.g. amine, ether, thioether, methoxy) shift redox 
processes towards negative potentials while the presence of an electron-
withdrawing group (e.g. fluoro, sulphonate, nitro, ester, carboxylic acid) shift redox 
processes towards positive potentials [89]. Since the electron transfer abilities of Pcs 
depend on the kind and the number of the substituents and also on the interaction 
between the Pc ring and the metal center [81,90-96], Pc redox chemistry can be easily 
tuned.  
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1.1.4.2 CoPc and FePc Electrochemistry 
The redox behaviour of CoIIPc and FeIIPc derivatives involves both the metal 
and the ring [97-100]. The metal based processes for CoIIPc may occur before or after 
ring processes, depending on the solvent and electrolyte [80,82]. In coordinating 
solvents such as dimethyl-formamide (DMF), CoIII is formed first [23] but in non-
coordinating solvents such as dichloromethane (DCM) ring oxidation occurs first. 
Donor solvents strongly favours M(III) species therefore in their absence oxidation to 
M(III) is inhibited and the ring oxidation occurs first [80]. Other than the supporting 
electrolyte, the position of the FeIII/FeII couple is also affected by pH [76,101]. 
 
1.1.4.3 NiPc Electrochemistry 
Normally the redox processes for nickel are known to occur on the ring in 
solution [86]. The NiIII/NiII processes are not known in solution. This couple has 
been reported when NiPcs are adsorbed on the electrode surface [44,102-106].  
The aim of this work is to synthesize the following: (i) CoTAPc, FeTAPc and 
NiTAPc, (ii) CoTCPc, (iii) CoMAPc and (iv) CoMCPc for chemical linking to 
SWCNTs and (iv) convert NiTAPc into an oxo-bridged (O-Ni-O) complex. The 
SWCNTs used in this work were either synthesized or purchased. 
 
1.2. Carbon nanotubes  
1.2.1 Properties  
Elemental carbon in sp2 hybridization can form a variety of interesting 
structures, such as graphite (3D), graphene (2D), carbon nanotubes (CNTs, 1D) and 
fullerene (0D) [107]. CNTs were first produced by Iijima by a carbon-arc discharge 
method [108] and single walled carbon nanotubes (SWCNTs) can be described as a 
graphene sheet rolled up into a nanoscale-tube (Fig.1.7) [109]. CNTs can either be 
single-walled (SWCNTs) or multi-walled (MWCNTs, with additional graphene 
tubes around the core of SWCNTs). Their diameters are in the range between 
fractions of nanometers and tens of nanometers and lengths of up to several 
centimeters. Their ends are normally capped by half-fullerene-like structures. The 
metallic or semiconducting nature of SWCNTs depends on their chirality (i.e. the 
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chiral angle between carbon hexagons and the tube axis). Chemical synthesis of 
CNTs is complicated by the need to control the nanotube diameter, chirality and 
number of walls.  
 
Figure 1.7: Diagrammatic representation of a graphene sheet being rolled into a 
SWCNT [109].  
 
 CNTs exhibit excellent properties, which include high chemical and thermal 
stability, high elasticity, high tensile strength and some tubes exhibiting metallic and 
semi-conducting behaviour, with low resistivities at 300 K of ~1.2 x 10-4 – 5.1 x 10-6 
ohm cm [108,110]. They have very good conductivity along their tubular axis 
[111,112] and are earmarked as the key materials for use as molecular wires in 
molecular electronics [113]. Due to their small size and conductivity, they are also 
regarded as the smallest possible electrodes with diameters less than one nanometer 
[114,115]. CNTs can improve the reversibility of the electrode processes [116], hence 
their use in this study. 
 Roll up 
  SWCNT  Graphene sheet 
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Based on their physical and chemical properties, the uses of CNTs include the 
following: (i) construction of gas sensors [117-119], (ii) electrocatalysts [120-124], (iii) 
construction of electrochemical biosensors [125,126].    
 
1.2.2 Synthetic approaches 
Synthetic approaches include: arc-discharge [108,127,128], laser ablation [129-
131], pyrolysis of FePcs [132-143] and catalytic chemical vapor deposition (CCVD) 
[144]. The first three employ solid state carbon precursors, while CCVD methods use 
hydrocarbon gases as sources of carbon atoms and catalyst particles that serve as 
seeds to nucleate the growth of CNTs.  
Pyrolysis of MPcs was employed in this work, hence it is discussed in more detail.
 
Figure 1.8: Experimental set-up for the synthesis of CNTs from MPcs. 
 
This is a simple and cheap process involving the simultaneous supply of the 
catalyst source and the carbon source into a substrate or quartz tube to produce well 
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aligned CNTs [133,136-139], Fig. 1.8. The MPcs (M = Fe, Co, Ni; Pc = C32H16N8) are 
the sources of carbon and metal catalyst. The major limitation in this synthesis is the 
lack of control of the CNT diameter size, which Harutyunyan et al tried to address 
by diluting FePc with various amounts of H2Pc [140]. Chen et al produced highly 
disordered, activated FePc nanostructures through ball milling [141-143]. They used 
horizontal tubular furnaces and a mixture of Ar (95%)–H2 (5%) carrier gas to produce 
both horizontal and vertical nanotubes, though their results showed a very slow 
growth rate accompanied by production of amorphous carbon.  
This method was employed in this work for the synthesis of CNTs. For the 
first time ferric acetate was employed together with FePc and H2Pc to form 
SWCNTs. It provides the Fe catalyst required for the initial growths of CNTs as well 
as inhibiting the formation of MWCNTs. Use of the press to activate MPcs has never 
been reported before. However for most of the studies, purchased SWCNTs were 
employed, since synthesis of SWCNTs was achieved towards the end of the PhD 
program. 
 
1.2.3 Purification of raw CNTs 
Purification methods for CNTs include: chemical, physical or a combination 
of both. The chemical method was employed in this work, hence is discussed in 
detail. Chemical purification involves oxidation by gases like air, O2, Cl2 H2O, acid 
treatment and refluxing and electrochemical oxidation. It is based on the selective 
oxidation, where carbonaceous impurities due to their dangling bonds and 
structural defects are oxidized at a faster rate than CNTs [107]. In gas phase 
oxidative purification, CNTs are purified at temperatures ranging from 225 0C to 760 
0C under a variety of oxidizing atmospheres [145-149] to remove carbonaceous 
impurities but eventually opening the caps of CNTs without vigorously introducing 
sidewall defects [107]. Oxidants like HNO3 [150], H2O2 or a mixture of H2O2 and HCl 
[151], a mixture of H2SO4, HNO3, KMnO4 and NaOH [152] and KMnO4 [153] have 
been used. Liu et al [154] developed a mixture of H2SO4/HNO3 (3:1) compared to the 
use of HNO3 alone [107]. Though the liquid phase method removes metal impurities 
and amorphous carbon, it however opens the CNTs ends and introduces structural 
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deformations due to the introduction of oxygenated terminals like hydroxyl and 
carboxylic groups. These groups can serve as points of further derivatization 
[150,155]. 
 
1.2.4 Chemical functionalization of CNTs 
 
Figure 1.9: Functionalization possibilities for SWCNTs: (A) defect-group 
functionalization, (B) covalent sidewall functionalization, (C) non-covalent 
exohedral functionalization with surfactants, (D) non-covalent exohedral 
functionalization with polymers, and (E) endohedral functionalization with, for 
example, C60 [156] .  
 
Functionalization of CNTs refers to the introduction of functional groups 
into/onto the CNTs. This can be through non-covalent or covalent bonding. Fig. 1.9 
shows the various ways of functionalizing SWCNTs. A, represents defect-group on 
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C 
D 
E 
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the wall or the terminal end of the CNTs or rigorous chemical functionalization 
which breaks the CNT wall, B is covalent sidewall functionalization, C is the  non-
covalent exohedral functionalization with surfactants, D is the non-covalent 
exohedral functionalization with polymers and E is the endohedral functionalization 
with, for example, C60 [156]. CNT walls are generally not reactive, but their fullerene-
like tips are known to be more reactive and are easily converted to carboxylic acid, 
hydroxyl or carbonyl groups [157]. However rigorous conditions can be employed to 
attach different functional groups onto the CNTs walls/ends [156,158]. This study 
focuses on covalent functionalization with amino and carboxylic acid groups for 
further derivatization with synthesized MPcs. 
Covalent functionalization provides a higher degree of fine tuning for the 
chemical and physical properties of SWCNTs than non-covalent functionalization. It 
can introduce organic molecules and biomolecules that are suitable for biological 
and biomedical applications on CNTs [159-161]. Suitable covalent functionalization 
of SWCNTs can improve solubility in solvents including water, which is crucial for 
biological applications [156,162]. Higher solubility of CNTs requires attachment of 
relatively large functional groups. Since the first report by Haddon and co-workers 
[163] on the formation of amide bonds between nanotube-bound carboxylic acids 
with long-chain alkylamines (e.g. octadecylamine), a variety of oligomeric and 
polymeric compounds have been used in the functionalization of CNTs to improve 
their solubility in common organic solvents and/or water. The functionalization 
breaks the nanotube bundles, which is essential to their solubility. The following 
groups have been attached to different positions on the SWCNTs: nitrile imines 
[158], phthalocyanines [164], porphyrins [165], poly(ethylene glycol), PEG [166], 
amino [167,168] and carboxylic acids [168]. Prato and co-workers successfully 
applied the 1,3-dipolar cycloaddition of azomethine ylides for the organic 
functionalization of pristine SWCNTs and MWCNTs which resulted in high levels of 
solubility of the resulting products [169]. 
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Figure 1.10: Side-wall (11 and 12) and terminally (13) functionalized SWCNTs. 
 
Figure 1.10 shows representative structures for ethylene amine (11) and 
phenylamine (12) side-wall functionalized SWCNTs and carboxylic acid 
functionalized SWCNTs (13) that were chemically linked with MPcs in this thesis. 
Chemical functionalization should be done over shorter times to avoid the loss of 
CNTs desirable properties [170].  
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1.2.5 Characterization of synthesized CNTs 
In this work, the methods discussed below will be employed for the 
characterization of SWCNTs in the absence and presence of MPcs (linked or mixed). 
 
1.2.5.1 Transmission Electron Microscopy (TEM) 
 
Fig. 1.11: Typical TEM image for CNTs [136].  
 
TEM qualitatively assess the amount of defects, amorphous carbons, or 
fullerenes adhered on the wall of CNTs [107].  Its limitation is its failure to give 
quantitative information [171]. Fig. 1.11 shows the TEM images for CNTs [136], with 
the dark spots representing metallic clusters [164]. 
 
1.2.5.2 Thermogravimetric Analysis 
Thermogravimetric analysis (TGA) is used for quantitative and qualitative 
characterization of CNTs.  Homogeneity of the CNT samples is evaluated through 
checking the standard deviations of the oxidation temperature and metal content 
obtained in several separate TGA runs [172]. Figure 1.12 shows typical TGA traces of 
(a) raw SWCNTs, (b) amine-functionalized SWCNTs (H2N-SWCNT), (c) ZnPc-
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CONH–SWCNT(linked), (d) ZnPcCOOH:H2N-SWCNT adsorbed and (e) complex, 
ZnPcCOOH [52]. The difference in the nature of the TGA profiles confirms the 
structural differences in these compounds. TGA profiles can be used to estimate the 
degree of functionalization, water and ash content of the CNTs and MPc-SWCNT 
conjugates [52]. 
    
 
 
Figure 1.12: Typical TGA profiles of (a) raw SWCNTs, (b) H2N-SWCNT, (c) ZnPc-
CONH–SWCNT(linked), (d) ZnPcCOOH:H2N-SWCNT(adsorbed) and (e) 
complex, ZnPcCOOH (10 0C min-1 under N2) [52]. 
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1.2.5.3 Raman Spectroscopy 
                
 
Figure 1.13: SWCNTs structures showing the origin of radial breathing modes 
(RBMs) and D bands (a) and G-bands (b) [173]. 
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Figure 1.14: Raman spectra for raw (black) and functionalized (blue) SWCNTs. (a) 
The RBM feature at 264 cm-1, (b) Tangential (G-band) and disorder (D-band) mode 
regions [174].     
                     
The main features of carbon containing compounds (graphite, metallic and 
semi-conducting nanotubes and amorphous carbons) are the D- and G-bands found 
at around 1280-1380 and 1560-1605 cm-1 respectively [136,164,173-177]. The D-bands 
are due to breathing modes of sp2 atoms in rings [175,178,179], while the G-bands are 
due to bond stretching of all pairs of sp2 atoms in both rings and chains [179,180], 
Figs. 1.13 and 1.14. CNTs have a dispersive double resonance G′-band around 2700 
cm-1 and a non-dispersive phonon mode around 2500 cm-1 [177]. They are also 
characterized by the radial breathing mode (RBM), (100–400 cm-1) [181-183]. The 
frequency of the RBM is inversely proportional to the tube diameter (ωRBM = α/d, 
where α = 248 cm-1 nm for isolated SWCNTs) while the G-band is weakly depended 
on the nanotube diameter [177,184]. High peak intensity ratio of G:D bands indicate 
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that the as-grown CNTs have good crystallinity of graphite sheets [136,179].  100% 
pure SWCNTs are characterized by one G-band with RBM and without D-band 
[107]. The main limitation of Raman spectroscopy is its inability to provide 
information on the nature of metal impurities and cannot be used on CNT samples 
with low amorphous carbon content [185]. 
 
1.2.5.4 UV-vis-NIR Spectroscopy  
Figure 1.15: UV-vis-NIR spectra of raw SWCNTs (a) and functionalized SWCNTs 
(b) [186].  
 
UV–vis-NIR spectroscopy is used to estimate the relative purity of bulk 
SWCNTs [171].  The irregularities in their spectra are due to the van Hove 
singularities (Fig. 1.15) of metallic and semiconducting nanotubes, whose width 
reflect the overlap of features from CNTs having different diameters and chiral 
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indices [186,187]. The van Hove singularities are absent in purified SWCNTs due to 
the conversion of sp2 to sp3 hybridized carbon atoms. Since the л- electrons in the 
HOMO have been used to form new bonds, the van Hove transitions vanish 
[167,176,186-188].  
 
1.2.5.5 Infrared Spectroscopy 
FT-IR is used to follow the CNTs surface structural changes by monitoring the 
appearance and disappearance of vibrational bands. Raw CNTs show weak 
vibrational bands which improve with functionalization [167]. In the presence of 
MPcs, the change in position of the carbonyl group in the carboxylic acid and in the 
amide (conjugate) is an important indicator of the formation of a linkage [189-191].  
 
1.2.5.6 X-ray diffraction (XRD) analysis 
The broadness and sharpness of the peaks in XRD is indicative of the 
amorphous and crystalline nature of the material respectively [44]. Phthalocyanines 
are characterized by a single broad peak in the region 2θ = 26-270 [192,193]. CNTs 
peaks due to the (002) [194-196], (111) [196] and (200) [196] reflections of carbon 
occur at 2θ values of ~26.50, ~44.50 and ~52.00 respectively. On chemically linking 
MPcs to the CNTs, both the degree of crystallization and the interplanar space 
change, implying a new crystal form or a new compound [189]. Changes in peak 
intensities can also confirm presence of chemical linkages. 
 
1.3 MPc-SWCNT conjugates 
1.3.1 Overview of literature  
Substitution at the peripheral positions with amino and carboxylic acid 
groups provide sites for the further coordination of Pcs to CNTs. Chemically linking 
CNTs to MPcs [197,198] is known to improve electro-catalysis of MPcs, since 
SWCNTs can readily accept charges and in turn transport them along their tubular 
axis [199]. CNTs are good electro-catalysts for a variety of analytes [116, 200] and 
because of this they can enhance the performance of MPcs.  
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Very few MPcs have been chemically linked to SWCNTs, e.g. for the purpose 
of drug delivery [65-67] and electrocatalysis [68,201]. From literature search, the 
majority of the work done was focused on combining acid treated CNTs with MPcs, 
either as SAMs or mixed or MTAPc electro-polymerized on electrodes pre-modified 
with CNTs [68,69,75,77,202-207], using either iron or cobalt as metal centres. The use 
of SAMs [68,199,204] on Au surfaces increases the distance to be travelled by the 
electron during redox processes. On the other hand, the use of MPc/SWCNTs 
mixtures [69,75,202,205,208] does not give well defined nanostructures on the 
electrode surface and increases chances of aggregation on the electrode surface 
which reduces the sensitivity towards the analyte [68,205]. Ozoemena et al [68] 
attached CoTAPc linked to SWCNTs to pre-formed aminoethanethiol (AET) SAM on 
gold (Au) surface for the detection of dopamine. Because of the presence of the 
linker (AET), the explicit role played by the SWCNTs is not clearly defined. Similarly 
the individual role played by the MPc and SWCNTs in mixtures is not clear. The 
current study is therefore focused on directly linking SWCNTs decorated with either 
amino or carboxylic acid groups to MPcs in order to clearly evaluate the role played 
by the SWCNTs on the electrochemical performance of MPcs. The behaviour of these 
conjugates can then be evaluated against the bare electrode, the MPc, the SWCNT 
and the MPc/SWCNT(mixed) modified electrodes in the presence of an analyte.  
The lower redox currents of SWCNTs and MPcs observed in SAMs may be a 
result of incomplete coupling [205,207]. In this study thionyl chloride (SOCl2) was 
used to ensure exhaustive conversion of –COOH groups into the acid chloride 
derivatives (-COCl) which made chemical linking much easier and effective.  
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1.3.2 Synthetic approaches 
Table 1.1: Selected synthesized MPc-CNTs conjugates from literature  
 
Functional 
group on CNT 
Functional group 
on MPc and Metal 
Linkage formed 
(advantages) 
       Limitations          Ref 
(i)  
Carboxylic acid 
▪amino 
Mn, Er (erbium) 
▪Amide 
(Improved 
solubility) 
▪Hydrolysis of linkage; 
▪CNT functionalization 
needs excess of reagent. 
 
189,  
50 
(ii) Amino ▪Carboxylic acid 
Zn, Zn 
▪Amide  
(Improved 
solubility) 
▪As (i) above 
 
52, 199 
(iii) 4-(2-
trimethyl) 
ethynyl- 
aniline 
▪Azide 
Zn 
▪C-C  
(C-C bond very 
stable; Improved 
solubility) 
▪As (i) above 
 
 
 
209 
(iv)  
Pyrrolidine, 
carboxylic acid 
 
▪Hydroxyl, 
▪Aldehyde 
Zn 
▪Ester 
(Improved 
solubility) 
▪ Number of COOH 
moieties on the CNTs 
uncontrollable; 
▪Hydrolysis of linkage;  
164 
(v)  
Carboxylic acid 
▪Amino 
Co 
▪Amide ▪As (i) above 
 
201 
(vi)  
Carboxylic acid 
▪Amino 
Co 
▪Amide ▪As (i) above 
 
198 
(vii)  
Carboxylic acid 
▪alcohol 
Fe 
▪Ester 
▪Amide 
▪Au-S 
 
▪Hydrolysis of linkage; 
▪CNT functionalization 
needs excess of reagent. 
 
207 
(viii) 
Carboxylic acid 
▪Amino 
Co 
▪Amide 
▪Amide 
▪Au-S 
▪As (i) above 
 
68, 204 
 
Table 1.1 lists some selected soluble conjugates that have been synthesized. 
Most of them carry Zn as the central metal [50,52,74,164,189,199,209]. These 
conjugates are mainly used as photo-active donor-acceptor hetero-junction materials 
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for photo-detectors [50,189] and photo-sensitization [52]. Conjugates (v) and (vi) 
were used in the catalysis of sulfhydryl degradation products of V-type nerve agents 
[201] and decolourisation of rhodamine 6G [198], respectively. In this study, as 
stated before, conjugate (v) in Table 1 is being used for comparative purposes. 
Conjugates (vii) and (viii) are SAMs and contain Fe and Co metal centres 
respectively, with the SWCNTs sandwiched between the pre-formed Au-cysteamine 
platform and the MPc.  
The electrochemistry of FeTAPc linked to SWCNTs only, without SAM 
formation has not been reported. It is therefore necessary to investigate the specific 
role played by the SWCNTs on the electrochemical behaviour of FeTAPc. So far no 
work has been reported on NiTAPc chemically attached to SWCNTs or as SAMs. 
Therefore it is worthwhile to explore the electrochemical behaviour of the NiTAPc-
SWCNT conjugate, especially by looking at the role likely to be played by the 
NiIII/NiII redox couple in electrocatalysis in the presence or absence of SWCNTs.  
In this study SWCNTs and MPcs (M = Co, Fe and Ni, 7a-c, 8-10, Figs. 1.2, 1.3) 
were chemically linked together in order to provide good platforms for the efficient 
transfer of electrons. The MPcs that were tetra- or mono-functionalized with amino 
and carboxylic acid groups, respectively, were chemically linked to SWCNTs that 
were terminated with carboxylic acid groups (13, Fig. 1.10) and side-wall 
functionalized with amino groups (11, 12, Fig. 1.10)  using ethane-1,2-diamine and 
benzene-1,4-diamine, respectively. These synthesized MPc-SWCNT conjugates (Figs. 
1.16 - 1.20) are linked via an amide bond. This linkage is the bridge that facilitates the 
smooth flow of electrons from the MPc to the SWCNT and vice-versa, enhancing 
electrocatalysis. The presence of phenylene (-C6H4-), Fig. 1.17, and ethylene                
(-CH2CH2-), Fig. 1.18, groups enhances solubility of the conjugates as well as 
providing different electron transfer pathways. These modifiers provide a large 
surface area for electrocatalysis because of their large surface-to-volume ratio. 
Linking SWCNTs to unsymmetrically substituted MPc complexes is still relatively 
unexplored due to the difficulties in the synthesis of these complexes, as a result of a 
wide range of isomers that require extensive column purification, resulting in low 
yields. Covalently linking CoMAPc (9) and CoMCPc (10) to acid and amine 
  Introduction 
29 
 
derivatized SWCNTs produces nanorods and nanomesh conjugates, respectively, 
which have well defined structures of limited size. The CoMAPc molecules 
terminate the ends of the SWCNTs while the CoMCPc is attached to the outside 
walls of the SWCNTs. Both can offer well defined structures on the surface of the 
electrode.  
 Even though they are connected by amide linkages, it is important to note that 
with the exception of CoTAPc-SWCNT complex, all the synthesized conjugates are 
unique and have not been reported before. As stated before the CoTAPc-SWCNT 
conjugates are being used in this study for comparative purposes. The application of 
mono- and tetra- substituted Pcs linked to SWCNTs in the detection of amitrole, 
diuron and 2-mercaptoethanol (2-ME) is new.  
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Fig.1.16: Representative structure of MTAPc-SWCNT conjugates, where M = Co 
(14), Fe (15) and Ni (16). 
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Fig. 1.16 shows the representative structure for the conjugates synthesized by 
chemically linking tetraamino-substituted MPcs (MTAPcs) with acid functionalized 
SWCNTs (SWCNT-COOH), where M represents Co, Fe and Ni for conjugates 14, 15 
and 16, respectively. These conjugates were used in studying the effect of SWCNTs 
on the electrocatalysis of amitrole, diuron and 2-ME in the presence of different MPc 
derivatives.  
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Fig.1.17: Representative structure of CoTCPc-PA-SWCNT linked conjugates (17). 
PA = phenylamine. 
 
Fig. 1.17 shows the representative structure (17) for the conjugate formed 
between CoTCPc and phenylamine functionalized SWCNTs (PA-SWCNT). The 
phenylene (-C6H4-) group forms a bridge between the SWCNT and the CoTCPc. This 
conjugate is used to study the influence of the SWCNT amino groups on the 
electrocatalytic properties of the MPc, and how this compares with the behaviour of 
MTAPc-SWCNT conjugates, Fig. 1.16. 
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Fig.1.18: Representative structure of CoTCPc-EA-SWCNT linked conjugates (18). 
EA = ethylene amine. 
 
Fig. 1.18 shows the representative structure (18) for conjugate formed between 
CoTCPc and ethylene amine functionalized SWCNTs (EA-SWCNT). The ethylene (-
C2H4-) group forms a non-conjugated bridge between the SWCNT and the CoTCPc. 
This conjugate is used to compare the effect of the conjugated linker (phenylene) 
versus non-conjugated linker (ethylene) on electrocatalysis. The electrocatalytic 
properties of CoTCPc-EA-SWCNT and CoTCPc-PA-SWCNT conjugates are then 
compared with MTAPc-SWCNT conjugates in which the MPc is directly bonded to 
the SWCNT without any linkers.  
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Fig.1.19: Representative structure of CoMAPc-SWCNT linked conjugates (19). 
  
CoMAPc (9), Fig.1.19, is an unsymmetrical monoamino-substituted Pc 
(MAPc).  The CoMAPc molecules terminate the ends of the acid functionalized 
SWCNTs (19). In the presence of a single amino group, well defined nanorod 
structures are easily formed. Since there are very high probabilities of having more 
than one carboxylic acid group at the SWCNT ends, more than one CoMAPc 
molecules can chemically attach at these ends.  
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Fig.1.20: Representative structure of CoMCPc-PA-SWCNT linked conjugates (20). 
 
The structure shown in Fig. 1.20 is representative of the conjugate formed 
between CoMCPc and PA-SWCNT. The CoMCPc is an unsymmetrical 
mono(carboxyphenoxy)-phthalocyanine (MCPc) and is bonded along the walls of 
the SWCNT, giving a nanomesh structure. The electrocatalytic properties of these 
conjugates will be compared with those of the nanorods (CoMAPc-SWCNT, 19). The 
aryl thio group donates electrons to the Pc ring and ultimately the metal centre in 
both conjugates (19 and 20) and this influences the redox chemistry of cobalt.  
  
1.4 Chemically Modified Electrodes (CMEs) 
The following electrodes have been modified with MPcs and CNTs to give 
highly electrocatalytic chemically modified electrodes (CMEs): gold (Au), glassy 
carbon (GCE), ordinary pyrolytic graphite (OPG), highly oriented pyrolytic graphite 
(HOPG), indium titanium oxide (ITO) [21] and basal plane pyrolytic graphite 
(BPPG) [75]. Solid state redox processes can be observed when the Pc is immobilized 
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onto the electrode surface and then cyclized in an appropriate buffer, normally 
under aqueous conditions [21] where the electrode does not dissolve. Modified 
glassy carbon electrodes (GCE) were used in this study.  
 
1.4.1 Methods of electrode modifications using MPcs  
Methods of electrode modifications include direct deposition of MPc solution 
on the electrode through adsorption (dip-dry/drop-dry) [46], mixing of the MPc 
with carbon paste to make a conductive carbon cement [210], electropolymerization 
[96], electrodeposition [211], spin coating [212], vapour deposition [211] and by the 
formation of self assembled monolayers (SAMs) on metals such as gold and silver 
[2,29,94,95,213]. In this work, electropolymerization and the adsorption methods 
were employed and will be discussed in detail. 
 
1.4.1.1 Electropolymerization 
The process occurs through the immersion of an electrode into a solution of 
the monomer, followed by repetitive cycling between two predetermined potentials. 
Polymer formation is confirmed through differences in the nature of successive 
scans, as well as appearance of new peaks [214]. Electropolymerization is said to be 
complex and is believed to proceed via a general electrochemical-chemical-
electrochemical, E(CE)n, mechanism [215] of substituents containing „N‟ or „S‟. 
Frequently electropolymerized MPcs, carry amino-, pyrrole- or thiophene-appended 
complexes [53,216-219]. MPcs with such substituents are suitable in that coupling of 
their strong and well-defined electronic л-systems produce polymers of high 
stability and rigidity. Polymerization involves the formation of monomer free 
radicals that couple until the polymer becomes insoluble in the medium and 
precipitates onto the electrode surface [220]. Figure 1.21 shows a typical 
polymerization voltammogram evolved on a GCE for MnTAPc dissolved in DMF 
containing tetrabutylammonium tetrafluoroborate (TBABF4) after continuous 
successive cyclisation [221].  
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Figure 1.21: Typical polymerization voltammogram for MnTAPc (~3 × 10−4 M) on 
GCE in DMF containing 0.01 M TBABF4 during repeated successive scans (only 
eight scans are shown). Scan rate: 200 mVs−1 (−1.8 to 1.2V vs. Ag|AgCl) [221]. 
 
Electropolymerization increases stability and electrocatalytic activity of these 
systems [46,221-223]. Relative to such techniques as „„dip-dry/drop-dry‟‟ methods, it 
is largely elegant, attractive and easy [224]. It is reproducible and the thickness of the 
modifier on the electrode can be accurately controlled [225]. Thermal and chemical 
stability is enhanced without compromising the catalytic activity. A three-
dimensional reaction zone is formed, hence increased sensitivity and reaction rates. 
Electrochemical polymerization can occur in both aqueous and organic media [224]. 
The disadvantage of polymerization is that monolayer surface coverage is difficult to 
achieve and control at times. 
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1.4.1.2 Adsorption (dip-dry/drop-dry) 
The catalyst (MPc) is dissolved in a solvent where maximum solubility is 
achieved. In dip-dry method, the electrode is dipped into the MPc solution and then 
allowed to dry, while for drop-dry, the MPc solution is dropped onto the electrode 
surface and then allowed to dry. The CNTs are pre-sonicated in solvents like DMF 
[125,226] and dimethyl-sulphoxide (DMSO) [227] and then adsorbed onto the 
electrode surface using the drop-dry method [121,227]. Alternatively the CNTs can 
be abrasively immobilized onto the electrode surface [228]. Immobilization of CNTs 
is encouraged by the л-л interactions that occur between them and the GCE. The 
advantage of this modification process is that it is fast and depending on the nature 
of the electrode used, a relatively stable Pc/SWCNT layer can be formed on e.g. 
carbon based electrodes where л-л interactions can occur between the MPc and 
SWCNTs, and the substrate surface. The disadvantages are that the electrode 
surfaces are not reproducible and unstable over long periods of time. 
 Both electropolymerization and adsorption were employed in this work. The 
dip-dry/drop-dry method was used to immobilize MPcs onto the electrode surface 
in the presence of SWCNTs. As stated above SWCNTs have been coordinated to 
tetra-substituted Pcs [68,201] since these Pc complexes are commercially available 
and their synthesis is relatively simple. Coordination to monosubstituted Pcs is 
relatively new.  
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1.4.2 Characterization of CMEs  
1.4.2.1 Cyclic Voltammetry (CV) 
 
Figure 1.22: Typical cyclic voltammograms (CVs) of CoPc-GCE recorded in pH 4 
buffer showing the dependence of peak currents on scan rates [229]. 
 
Fig. 1.22 shows the typical voltammogram for a CoPc modified electrode 
cyclized in pH 4 buffer [229]. The CoII/CoI and CoIII/CoII redox couples are well 
defined. This shows that when an electrode has been modified, on cyclising it in an 
appropriate buffer solution, a voltammogram typical of the surface immobilized 
species is produced. FeII/FeI and FeIII/FeII redox couples have also been observed for 
both adsorbed and polymerized FeTAPc [76]. These redox processes can also be 
observed in the presence of SWCNTs [230]. 
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Fig.1.22 shows an increase in peak current with scan rate, which is typical of 
surface confined species [229,230]. For both electropolymerization and adsorption 
processes, a linear relationship exists between the background corrected peak 
current (Ip) for the surface-immobilized species and the scan rate (v) and from the 
slope of the linear plot and using Eq. 1.1 [231], the surface coverage can be estimated. 
𝐼𝑝 =  
𝑛2𝐹2
4𝑅𝑇
𝜐𝐴ΓMPc                                                                                                                  (1.1) 
where Ip is the background corrected peak current, n is the number of transferred 
electrons, F is the Faraday constant, ГMPc is the film surface coverage, A, is the 
effective electrode area, v is the scan rate, R is the gas constant and T is the 
temperature. 
Alternatively, the surface coverage can be estimated through the charge under the 
redox peaks of the MPc or MPc-SWCNT conjugates, produced in a buffer solution, 
using Eq. 1.2, Fig. 1.22. 
Γ𝑀𝑃𝑐 =
𝑄
𝑛𝐹𝐴
                                                                                                                           (1.2) 
where Q is the charge under the oxidation or reduction peak and all other symbols 
are as described above. 
Cyclic voltammetry (CV) provide a rapid and simple way of acquiring 
information about the rate of electron transfer, redox processes, the stability of the 
analyte, the stability of the electrode modifier, the adsorption processes as well as 
electrode kinetics and mechanisms [229,232-235].  
  
1.4.2.2 Electrochemical impedance spectroscopy (EIS) 
1.4.2.2.1 Nyquist Plots 
Electrochemical impedance spectroscopy (EIS) is used to probe the redox and 
structural features of a surface confined species [201].  
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Figure 1.23: Typical Nyquist plots obtained on (i) bare GCE and (ii) CoPc 
modified electrode. Inset: Equivalent Randles’ circuit model. 
  
Fig. 1.23(i) and (ii) show the Nyquist plots for the bare and CoPc modified 
electrode, respectively. The semi-circles represent a combination of charge transfer 
resistance and the double layer capacitance of the electrodes [236] and are in 
agreement with kinetically controlled movement of electrons [68]. The origin of the 
semi-circles in Nyquist plots is attributed to microscopic roughness, which brings 
heterogeneity in solution resistance and the double layer capacitance [237]. The 
diameter of the semi-circle is proportional to charge-transfer resistance (Ret) and the 
decrease in the value of Ret proves that the films can form high electron conduction 
pathways between the electrode and electrolyte/analyte [238]. Fig. 1.23, inset, shows 
the circuit that is compatible with the given Nyquist plots in Fig. 1.23. Rs, CPEdl and 
Ret represent solution resistance, a constant phase element (corresponding to the 
double layer capacitance) and the charge transfer resistance, respectively. The nature 
of circuit is variable and depends on whether the electrode processes are controlled 
by kinetics or diffusion [201].  
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The apparent electron - transfer rate constants, kapp, which indicates how fast 
the charge transfer occurs on the electrode surface are calculated using Eq. 1.3 [239]. 
𝑘𝑎𝑝𝑝  =  𝑅𝑇/𝐹
2𝑅𝑒𝑡𝐶                                                                                                             (1.3) 
where C, R, T and F represent the concentration (mol cm-3), the universal gas 
constant, the temperature in Kelvins and the Faraday constant, respectively.  
 
1.4.2.2.2 Bode Plots 
The nature of the Bode plots confirms the structural differences between the 
bare electrode and modified electrodes. Bode plots ((phase angle versus log f), Fig. 
1.24a), shows a well-defined symmetrical peak for the bare electrode at a particular 
angle and corresponding frequency, representing the relaxation process at the 
electrode|solution interface. This relaxation process shifts to different phase angles 
and frequencies on modification of the electrode. These shifts indicate that the 
reactions are now occurring at a modified surface rather than the bare electrode. The 
slopes in Fig.1.24b should be ~ -1 for ideal capacitors.  
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Fig. 1.24: Typical Bode plots of (a) phase angle vs. logarithm of frequency and (b) 
logarithm of complex impedance vs. logarithm of frequency for the following 
electrodes (i) bare, (ii) CoTAPc, (iii) SWCNT-CoTAPc(linked), (iv) 
SWCNT/CoTAPc(mix) and (v) SWCNT in 0.1M KCl containing 1 mM 
[Fe(CN)6]3−/4− solution [201].  
 
1.4.2.3: Raman spectroscopy 
Raman spectroscopy can prove the presence of a modifier on the electrode 
surface. When a clean GCE is subjected to Raman analysis, a single G-band in the 
region 1560-1600 cm-1 [107,136,164,175-178] should be observed. A modified 
electrode would show more peaks that are characteristic of the adsorbed species. 
Raman analysis of zinc phthalocyanine [240] and SWCNTs [241] adsorbed on glassy 
carbon has been done. 
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1.4.2.4 Atomic force microscopy (AFM) 
 
 
Figure 1.25: Typical AFM images of the surface of: bare GC electrode (A), 
GC/CoPcads (B), GC/SWCNT (C) and GC/SWCNT + CoPc (D) [230]. 
 
Atomic force microscopy (AFM) shows changes in the surface morphologies 
of the GCE modified surfaces. Fig. 1.25 shows the AFM images of bare GCE (A), 
GCE/CoPc (B), GCE/SWCNT (C) and GCE/SWCNT + CoPc (D). Different surface 
roughness values confirm the different compositions of the hybrid electrodes used in 
this study. The roughness values of 2.30 nm, 12.09 nm, 42.52 nm and 165.90 nm for 
Figs.1 A, B, C and D respectively shows the different extents of modification by the 
various surface modifiers [230].  
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1.4.2.5 Transmission electron microscopy (TEM) 
TEM has been used for the characterization of carbon nanotubes and MPc-
CNT conjugates that are used in electrode modifications. The SWCNTs, MPc-
SWCNTs and MPc/SWCNTs mixtures can be used to modify electrodes and the 
extent of surface coverage can be monitored using TEM.  
 
1.4.2.6 Chronoamperometry (CA)   
 
Fig.1.26: Typical chronoamperometric evolutions of the BPPGE-MWCNT-poly-
FeTAPc obtained in 0.1 M phosphate buffer (pH 12) containing different 
concentrations of amitrole (0.0, 3.0, 4.0 and 5.0 nM (from (i) to (iv)) at fixed 
potential of 0.4 V versus Ag|AgCl. Inset is a typical plot of current response 
versus concentration of amitrole [69]. 
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CA is a transient technique in which the applied potential leads to the 
immediate oxidation or reduction of the analyte on the electrode surface, to give a 
current signal that rapidly decays [69,77,242-244]. Fig. 1.26 shows the typical 
chronoamperograms obtained on a modified basal plane pyrolytic graphite electrode 
(BPPGE) in buffer (i) and in different concentrations of analyte (ii to iv).  
CA can be used to determine the sensitivity of an electrode modifier towards 
an analyte as well as its limit of detection (LOD). The rate of oxidation on the 
electrode surface should be faster than the rate of analyte diffusion onto the 
electrode surface. Current is monitored as a function of time and analyses of data is 
according to the Cottrell relationship, Eq. 1.4 [245]. 
𝐼 = 𝑛𝐹𝐷1/2𝐴𝐶0𝜋
−1/2𝑡−1/2                                                                                                  (1.4) 
where D, A, C  and t are the diffusion coefficient (cm2 s-1), the electrode area (cm2), 
the bulk concentration (mol cm-3 ) and time (s), respectively. The D value for the 
analyte or the area (A) of the modified electrode can be calculated [246]. 
CA can also be used in the evaluation of the catalytic rate constant for the 
electrochemical reaction occurring at the electrode surface by applying Eq. 1.5 [247]. 
𝐼𝑐𝑎𝑡
𝐼𝑏𝑢𝑓
= 𝛾1/2[𝜋
1
2 erf  𝛾
1
2 +
exp  −𝛾 
𝛾
1
2
]                                                                                      (1.5)   
where Icat and Ibuf are the currents of the electrode modifier in the presence and 
absence of analyte and γ = kC0t (C0 is the bulk concentrations of analyte) and erf is 
the argument of the error function. In the cases where γ exceeds 2, the error function 
is almost equal to 1; Eq. 1.5 reduces to Eq. 1.6.  
𝐼𝑐𝑎𝑡
𝐼𝑏𝑢𝑓
= 𝛾1/2𝜋1/2 = 𝜋1/2(𝑘𝐶0𝑡)
1/2                                                                                        (1.6) 
where k, C0 and t are the catalytic rate constant (M−1 s−1), the bulk concentration (M) 
and the time elapsed (s).  From the plot of Icat/Ibuf versus t1/2 at intermediate times 
and at a given concentration, the value of k can be obtained. The magnitude of k is a 
measure of how fast redox processes take place at the electrode|analyte interface. 
Chronoamperometry can also be used in selectivity and interference studies. 
The mixed solution method [248] is used to confirm the selectivity of an electrode 
modifier for an analyte in the presence of an interferent. The value of Kamp (where 
Kamp is the amperometric selectivity coefficient) is determined from Eq. 1.7: 
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where ∆Imixture and ∆Ianalyte are the changes in chronoamperometric current for the 
mixture (containing the analyte and the interferent) and the analyte alone 
respectively, relative to the signal of the buffer at a particular time. A Kamp value of 
less than 10−3 indicates non-interference while one which falls within the order of 
10−3 suggests that the species is an interferent but not a strong one. 
 
1.4.2.7 Rotating Disk electrode (RDE) studies 
In rotating disk electrode (RDE) voltammetry the mode of transfer of the 
analyte to the electrode|solution interface is by convection and the observed 
currents are strongly dependant on the electrode rotational speed. RDE can be used 
to determine the sensitivity of an electrode towards an analyte and ultimately the 
LOD. The redox process occurring at the RDE surface for the analyte are purely 
controlled by the mass transfer process in the solution. Fig. 1.27 shows a typical RDE 
voltammogram evolved on a modified GCE. From the voltammograms, the limiting 
current and rotation speed should obey the Levich equation, Eq. 1.8 [245]. On the 
basis of Eq. 1.8, a plot of limiting current, Ilim, versus ω1/2 should give a straight line to 
confirm the mass transfer process. 
𝐼𝑙𝑖𝑚 =  0.62𝑛𝐹𝐴𝐷
2/3𝜐−1/6𝜔1/2𝐶0                                                                                       (1.8) 
where D, v, ω, C0, n, A and F are the diffusion coefficient, the kinematic viscosity, the 
electrode angular rotational speed, the bulk concentration of the reactant in the 
solution, the total number of electrons involved, the electrode surface area and the 
Faraday constant, respectively. The values of D or n can be obtained from the slope 
of the Levich plot [243].  
𝐾𝑎𝑚𝑝 = (
∆𝐼𝑚𝑖𝑥𝑡𝑢𝑟𝑒
∆𝐼𝑎𝑛𝑎𝑙𝑦𝑡𝑒
− 1)
[𝑎𝑛𝑎𝑙𝑦𝑡𝑒 ]
[𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑡 ]
                                                                                      (1.7) 
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Fig. 1.27: Typical RDE voltammogram generated on a modified electrode rotating 
at 50 rpm. 
 
The catalytic rate constant, k, can be calculated from the Koutecky-Levich 
theory [245], represented by Eq. 1.9. 
 
1
 𝐼𝑙𝑖𝑚
=
1
𝑛𝐹𝐴𝐶𝑜𝑘
+
1
0.62𝑛𝐹𝐴𝐷2/3𝜐−1/6𝐶0𝜔1/2
 
                                                               (1.9)    
𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =
1
𝑛𝐹𝐴𝑘 𝐶0
                                                                                                            (1.10) 
    
where Ilim is the measured limiting current,  Co is the bulk concentration and v is the 
kinematic viscosity of the solution. A plot of 1/Ilim versus 1/ω1/2 (from Eq. 1.9) gives a 
linear relationship with a positive intercept, indicating that the electrode reactions 
are controlled by both kinetics and the mass transport of the analyte at the electrode 
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surfaces. The value of k is calculated from the intercept of the Koutecky-Levich plot 
using Eq. 1.10.  
Plots of potential (from the rising part of the RDE voltammogram) versus log 
Ik at different rotational speeds allow for the determination of the Tafel slopes. Ik is 
obtained from the rising part of the voltammogram at different potentials, as shown 
in Fig. 1.27. 
The following techniques were employed in this work to characterize the 
modified electrodes: IR, XRD, UV-vis and Raman spectroscopies, TEM, AFM and 
EIS. CV, CA and RDE were used in both characterization of the modified electrodes 
and the electrochemical detection of amitrole, diuron and 2-mercaptoethanol (2-ME). 
 
1.4.3 Electrocatalytic behaviour of SWCNTs 
The electrocatalytic behaviour of the CNT modifier can be evaluated against 
the bare electrode. The first study on the use of CNTs in electroanalysis was by 
Britto, who applied a MWCNT paste in the analysis of dopamine [116] and observed 
a nearly reversible two electron redox process for a normally irreversible system. 
The oxidation of dopamine was observed at lower potentials than expected and at a 
faster rate than what was observed on graphite electrodes [116]. Use of CNTs 
improves reversibility of redox processes [116,246] through the provision of many 
active sites [246]. The electrochemical area of CNT based electrodes has been 
evaluated using chronoamperometry in ferrocene monocarboxylic acid solution 
[246]. Improved electro-activity of CNT based electrodes result in sharper 
voltammograms, lower ∆Ep (peak to peak separation) and higher peak currents 
[246,249, 250]. 
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1.4.4 Electrocatalytic behaviour of MPc-SWCNT hybrids 
Table 1.2: Selected literature applications of MPc-CNT modified electrodes 
 
MPc-CNT modified 
electrodes 
Analyte: 
Ep/V 
(vs.Ag|AgCl) 
Linear Range: Sensitivity: 
Detection Limitb 
Ref 
GCE/CoPc/MWCNT 
(mixed)-Adsorbed 
Carbaryl: 0.8a  0.33–6.61 µM : NDA: 1.09±0.02                  
                                     µgL−1 
 
203
Au-Cys-SWCNT-CoTAPc 
(linked)-SAM 
Epinephrine: 
0.2  
(<130 µM) : 9.4×10−3 AM−1: 6 
                                                µM 
 
205 
Au-AET-SWCNT-CoTAPc 
(linked)-SAM 
 
Dopamine: 0.17   
NDA : NDA : NDA 
68 
GCE-MWCNT-CoTSPc 
(mixed)-drop-dry + 
electrodeposition 
Epinephrine: 
0.28  
0.25 - 3.5 μM: (0.132±0.003) A 
M-1: ~0.45 µM 
206 
Au-DMAET-SWCNT-PABS-
nanoFePc(linked)-SAM + 
adsorption 
Hydrogen 
peroxide: 
          - 
NDA : 0.00087 AM−1: 0.55 mM 204 
GCE-MWCNT-FeTAPc 
(mixed)-Abrasion + dip-dry. 
Amitrole: ~0.35  1 – 5 nM: 8.80±0.44 A/mM: 0.5 
                                                nM 
 
69 
BPPGE-MWCNT–CoTAPc 
(mixed)–Abrasion + 
polymerization. 
Asulum: 0.65  4.5 – 20 µM: 241×10−3 A/M: 
1.15 µM 
75 
 
aEp/V vs. Standard Calomel Electrode (SCE), bNDA = No Data Available. 
 
Table 1.2 shows the selected MPc-SWCNT conjugates and mixtures that have 
been applied in electrocatalysis. The MPc-SWCNT conjugates are mainly limited to 
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SAMs on Au electrodes [68, 204,205] using Co [68,205] and Fe [204] as the 
electroactive metals. Nickel metal has never been used in these studies. However 
Ozoemena et al [68] used dopamine to only show the catalytic nature of the Au-
AET-SWCNT-CoTAPc (linked)-SAM relative to the other electrodes used, hence the 
absence of sensitivity and detection limit values in Table 1.2.  Literature shows that 
MPcs/CNTs mixtures [69,74,75,203,206] constitute the majority of electrocatalysts 
that are being used today. This may partly be due to simple methods that are 
employed to produce such hybrids, when compared to the rigorous steps and time 
spent in producing chemically linked conjugates.  
This research was motivated by the realization of the good electron transfer 
efficiencies of both the Pcs (especially those carrying electroactive metals) and the 
SWCNTs. Chemically linking the two could provide an efficient platform for the 
transfer of electrons in electrochemical reactions, by providing shorter distances to 
be travelled by the electrons (compared to MPc-SWCNT-SAMs) to and from the 
surface of the modified electrode and improved communication between the MPc 
and the SWCNT. Compared to SAMs, MPcs directly linked to SWCNTs offer less 
resistance to charge transfer, especially in nanorod and nanomesh conjugates.   
Electrocatalysis is characterized by an increase in current and a shift in peak 
potentials to lower values with respect to unmodified electrode [229]. The MPc metal 
center or ring is involved in the oxidation-reduction processes of an analyte and this 
depends on the solvent system [80,82] and the nature and the number of 
substituents. In conjugates the SWCNTs should facilitate the smooth transfer of 
electrons to and from the MPc. Electrocatalysis of thiols on CoPcs is known to 
involve the CoIII/CoII couple in acidic media [251]. Studies have shown that the 
electrocatalysis of 2-ME on FePcs is only encouraged by electron donating groups 
[252]. For the NiPcs, the ring is normally involved in electrocatalysis because of the 
absence of orbitals that lie between the HOMO and the LUMO of the Pc ring [86]. 
This work therefore is focused on the effects of the differently functionalized 
SWCNTs on the catalysis of MPcs towards amitrole, diuron and 2-ME. 
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1.5 Analytes studied in this work 
1.5.1 Amitrole 
                      
N
N
H
N
NH
2
NN
Cl
Cl
O
H
amitrole (3-amino-1,2,4-triazole)
(a)
diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea))
(b)
 
Figure 1.28: Structures of amitrole (a) and diuron (b). 
 
Amitrole (3-amino-1,2,4-triazole), Fig. 1.28a, belongs to a class of non-selective 
systemic herbicides known as triazoles. It is used in weed control to inhibit the 
carotenoid biosynthesis. It has carcinogenic effects in animals [253,254] and 
interferes with lymphoblast transformation as well as inhibiting cell growth [255]. It 
has very low volatility and high solubility in water making it a potential toxin [256]. 
Therefore levels of amitrole should be monitored so that they do not exceed the 
regulatory level of 0.1 μg L
−1 
in drinking water, set by the European Economic 
Commission (EEC) [256]. Detection of amitrole through reversed-phase high 
performance liquid chromatography (RP-HPLC) and gas chromatography (GC) has 
been explored, but has been hindered by the poor resolution [78]. MWCNTs paste 
electrodes [78], combined MWCNT/FeTAPc electrodes [69] and nafion/lead-
ruthenium oxide pyrochlore chemically modified electrodes [257] have been used in 
the electrochemical detection of amitrole. Its electrochemical detection has been done 
in both alkaline (pH =12) [69] and acidic media (pH =4.5) [240]. Chicharro et al 
showed that amitrole peak currents dropped dramatically as the pH decreased and 
increased from 4 to 1 and 5 to 12, respectively [258]. They obtained 0.6 µM as the 
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detection limit on MWCNTs at potentials around 0.85 V at pH = 4.5 [258]. Siswana et 
al got detection limit of 0.305 mg/L, with a sensitivity of 3.44 mA/nM (at 0.42 V vs. 
Ag|AgCl under basic conditions) on FePc nanoparticles modified electrode [259]. 
Due to the high detection limits obtained using the above methods, the use of MPc-
SWCNT conjugates was investigated in this work with the aim of improving the 
detection limits.  
 
1.5.2 Diuron 
Diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea) is a non-selective systemic 
substituted phenyl-urea herbicide (Fig. 1.28b), which is easily taken up by the root 
system of plants and quickly trans-located through the xylem vessels into stems and 
leaves. Diuron inhibits the Hill reaction in photosynthesis, thus limiting the 
production of high energy compounds such as adenosine triphosphate (ATP) which 
are used for various metabolic processes [260]. Relative to other pesticides of the 
same type, diuron is considered highly mobile and persistent [260,261]. The 
Environmental Protection Agency, EPA, of the USA has classified diuron as 
“known/likely” human carcinogen [262]. Electrochemical methods have been 
employed for the detection of diuron [263,264], however passivation of the electrode 
surface due to the deposition of polymeric products has been observed [263,265]. 
The oxidation route for diuron is thought to involve the hydrogen ion and an 
electron, giving rise to a free radical which in turn dimerises [265]. MPc-SWCNT 
conjugates are being used in this work in order to improve the detection limits. 
 
1.5.3 2-Mercaptoethanol (2-ME) 
Sulfur-containing compounds, such as mercaptans are by-products of 
industrial processes and are water pollutants [266]. They are widely distributed in 
petroleum products and they cause foul odors and the deterioration of food 
products. In addition, because of their acidity, they are corrosive to metals, therefore 
they are harmful to store and use.  
Thiols also undergo electrochemical oxidation in both acidic [98,267] and 
alkaline [268] conditions. The oxidation of thiols to disulphides strongly depends on 
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the nature of the central metal [224]. Of all the transition metal Pcs, cobalt as a central 
metal has been observed to enhance the catalytic oxidation of thiols because its 
orbital energies closely match those of sulphur, enabling easy transfer of electrons 
from the sulphur orbital to the dz2 and dxz orbitals of the metal [25]. Electron 
donating groups also enhance the catalysis of thiols [269]. Different chemically 
modified electrodes have been designed for the detection of 2-ME [25,224,270]. 
Oxidations of thiols are known to proceed via an inner sphere mechanism [25] where 
bonding between the sulphur atom and the active metal centre occurs before or 
during electron transfer [25]. 
 
1.6 Summary of the aims of the thesis 
Since both MPcs and SWCNTs have good electron transfer properties, chemically 
linking them together could produce very good electron transfer mediators for 
electrocatalysis. Also, MPcs carrying electroactive metals like Co and Fe have 
excellent redox properties and if chemically coupled to SWCNTs, very efficient 
electrochemical sensors could be produced. From literature, the use of MPcs and 
SWCNTs conjugates in electrocatalysis is limited, especially when it comes to the 
detections of 2-ME, amitrole and diuron. Coupling of low symmetry MPc molecules 
with SWCNTs is quite novel and the use of such conjugates as electrochemical 
sensors is new. The role played by the SWCNTs when coupled with MPcs needs to 
be investigated. As a result of the above arguments, the following constitute the aims 
of this research:  
 
(a) Synthesis of (i) Co-, Fe- and Ni-tetraamino-phthalocyanines, 
                      (ii) Co-tetracarboxy-phthalocyanine, 
                      (iii) Co-monoamino-substituted phthalocyanine, 
                      (iv) Co-monocarboxy-substituted phthalocyanine. 
(b) Synthesize SWCNTs from the pyrolysis of FePc.  
(c) Conversion of poly-NiTAPc into an oxo-bridged complex (O-Ni-O).  
(d) Functionalize SWCNTs with: 
(i) Carboxylic acid groups, 
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(ii) Ethylene amine (EA) groups, 
(iii) Phenylamine (PA) groups.  
(e) Characterize the MPcs and functionalized SWCNTs. 
(f) Synthesize chemically linked conjugates, using various possible combinations 
of MPcs and SWCNTs from (a) and (d) above. 
(g) Characterize the MPc-SWCNT conjugates. 
(h)  Use the conjugates in the electrochemical detections of 2-ME, amitrole and 
diuron. 
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2. EXPERIMENTAL 
 
 
 
This chapter reports on all the synthetic procedures and 
characterization methods i.e. spectroscopic, microscopic   and 
electrochemical techniques that were used in this study. 
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2.1 Materials 
Dimethylformamide (DMF), dimethyl sulfoxide (DMSO), ethanol, absolute 
methanol, tetrahydrofuran (THF), hydrochloric acid (32%), nitric acid (55%), cobalt 
(II) acetate, 4-nitrophthalic acid, cobalt sulphate, nitrobenzene, phthalic anhydride, 
potassium carbonate, sodium carbonate, sodium chloride, sodium acetate, acetic 
acid, sodium hydroxide, sodium nitrite, sodium sulphide nonahydrate, sulphuric 
acid (98%), tetrabutylammonium tetrafluoroborate (TBABF4), thionyl chloride, 
potassium bromide, potassium ferricyanide, urea, diethyl-ether, chloroform, diuron, 
amitrole, 2-mercaptoethanol (2-ME), 1,4-benzene diamine, ethane-1,2-diamine 
(ethylene amine, EA), benzyl-mercaptan, ammonium chloride, ammonium 
molybdate, iron (II) acetate, nickel (II) acetate,  4-hydroxybenzoic acid, single walled 
carbon nanotubes (SWCNTs,  0.7 – 1.2 nm in diameter and 2 – 20 m in length) and 
pH 4 buffer tablets, were either purchased from Sigma-Aldrich, Fluka or Merck. 
DMF, DMSO and THF were freshly distilled and dried before use. 4-
Nitrophthalonitrile (21), 4-(benzyl-mercapto)-phthalonitrile (22) and 4-(3,4-
dicyanophenoxy)benzoic acid (24) were prepared following literature methods [271-
274]. CoTAPc (7a), FeTAPc (7b) and NiTAPc (7c) were prepared according to a 
procedure by Somashekarappa and co-workers [29]. CoTCPc (8) was prepared 
according to a procedure reported elsewhere [51,275]. Aqueous solutions were 
prepared using Millipore water from Milli-Q Water Systems (Millipore Corp., 
Bedford, MA, USA, conductivity range = 0.055 – 0.294 µS/cm). All other chemicals 
and reagents were of analytical grade and were used as received. Silica gel C60 was 
used to prepare chromatographic columns. 
 
2.2 Equipment  
1. Voltammetric and chronoamperometric data were recorded using a Princeton 
Applied Research potentiostat/galvanostat Model 264 equipped with 
Electrochemistry PowerSuite software.  
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2.Transmission electron microscope (TEM) pictures were obtained using a JEOL JEM 
1210 transmission electron microscope at 100 kV accelerating voltage. Sample 
suspensions were prepared in DMF through ultra-sonication for 1 h. 
 
3. Shimadzu UV - 2550 spectrophotometer was used to collect UV-Vis spectral data. 
The UV-vis spectra were obtained after ultra-sonication of the SWCNTs, 
MPc/SWCNT mixtures and MPc-SWCNT conjugates for 1 h. 
 
4. The Perkin–Elmer FTIR spectrometer and Bruker Vertex 70 - Ram II spectrometer 
(equipped with a 1064 nm Nd:YAG laser and a liquid nitrogen cooled germanium 
detector) were used to collect Infrared and Raman data, respectively. FTIR spectral 
data (using KBr pellets) for the raw SWCNTs, the functionalized SWCNTs (f-
SWCNTs), the MPcs, the MPc-SWCNT–linked (conjugates) and the MPc/f-SWCNTs 
mixtures were obtained in their solid forms. The Raman spectral data for the 
SWCNTs (raw and functionalized), the Pcs and the MPc-SWCNT-linked were 
obtained in their powder forms and some  from their suspensions after sonicating 
their respective powdered samples in DMF for 1 h [276].  
 
5. X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8 Discover, 
equipped with a PSD LynxEye detector, using Cu-K radiation ( = 1.5405 Å, nickel 
filter). Samples were placed on a zero background (511) silicon wafer embedded in a 
generic sample holder and data recorded within the range 2 = 15º to 60º, scanning 
at 1º min-1 with a filter time-constant of 2.0 s per step at room temperature. A slit 
width of 6.0 mm was used in the measurements. X-ray diffraction data were fitted 
using Eva (evaluation curve fitting) software, while analysis of data was done using 
International Center Diffraction Data (ICDD) database. The XRD spectral data for 
the raw SWCNTs, the f-SWCNTs, the MPcs, the conjugates and the MPc/f-SWCNTs 
mixtures were also obtained in their solid forms.  
 
6. Rotating disk electrode (RDE) voltammetry data was acquired using BAS 100W 
electrochemical workstation version 2.0. 
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7. Electrochemical impedance spectroscopy (EIS) data were obtained using the 
Autolab potentiostat PGSTAT 302 equipped with GPES software version 4.9.  
 
8. Thermal gravimetric analysis (TGA) was carried out using a Perkin–Elmer TGA 7 
thermogravimetric analyzer at a heating rate of 10 0C min-1 in a high-purity nitrogen 
and air atmosphere. The resultant data was analyzed with Pyris Version 4.01 
software.  
 
9. Elemental analyses were done using a Vario Elementary EL111 Series. 
 
10. Mass spectra were collected with a Bruker Autoflex III Smartbeam TOF/TOF 
mass spectrometer. The instrument was operated in the positive ion mode using an 
m/z range of 400-3000. The voltage of the ion sources were set at 19 and 16.7 kV for 
1 and 2, respectively, while the lens was set at 21 and 9.7, respectively. The spectra 
were acquired using dithranol as the MALDI matrix, using a 354 nitrogen laser. 
 
11. Atomic force microscopy (AFM) images were recorded in the non-contact mode 
in air with a CP-11 Scanning Probe Microscope from Veeco Instruments (Carl Zeiss, 
South Africa) at a scan rate of 1 Hz. 
 
2.3 Synthesis 
2.3.1 Functionalization of SWCNTs 
2.3.1.1 Ethylene amine functionalization (11), Scheme 3.1 route I (EA-SWCNT) 
Functionalization with EA was done according to literature [168] but with 
slight modifications as follows: SWCNTs (30 mg) were mixed with 40 mg (0.60 
mmol) of NaNO2 and 60 mg (0.60 mmol) of ethylene diamine (EDA). Concentrated 
H2SO4 (0.026 mL, 0.5 mmol) was added, and the mixture was heated and stirred at 
60 °C for 1 h. The mixture was allowed to cool to room temperature, dissolved in 
DMF and centrifuged. DMF was decanted, fresh one added and centrifugation 
repeated several times until DMF remained colourless. This treatment removed 
excess unreacted EDA and carbon ash. The residue was further washed several times 
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with Millipore water to remove H2SO4 and metal salts. The pH of the washings was 
tested to ensure no acid remained. The product is represented as EA-SWCNT (11).  
EA-SWCNT: IR [(KBr) vmax/cm-1]: 3430-3470 (NH doublet), 1640 (N-H). [Raman 
vmax/cm-1]: 2542 (G*), 1590 (G), 1270 (D). 
 
2.3.1.2 Phenylamine (PA) functionalization (12), Scheme 3.1 route II (PA-SWCNT) 
Phenylamine functionalized SWCNTs, represented as PA-SWCNT (12), were 
synthesized as for EA-SWCNT (route II), using 1,4-benzene diamine (BDA) as a 
precursor, instead of EDA. Other reagents and reaction conditions are the same as 
for EA-SWCNT functionalization.  
PA-SWCNT: IR [(KBr) vmax/cm-1]: 3428-3490 (NH doublet), 1644 (N-H).  
 
2.3.1.3 Carboxylic acid functionalization (13), Scheme 3.1 route III (SWCNT-
COOH) 
Carboxylic acid functionalized SWCNTs represented as SWCNT-COOH, were 
synthesized according to Scheme 3.1 (route III).  SWCNTs ((60 mg), 0.7 – 1.2 nm in 
diameter and 2 – 20 m long)) were suspended in a 3:1 mixture of concentrated 
H2SO4 and concentrated HNO3 and stirred for 2 h at 70 0C. The resulting mixture 
was centrifuged and washed with Millipore water several times until a pH of 5 was 
attained. The SWCNT–COOH (13) were oven dried at 110 0C for 12 h [154].   
SWCNT-COOH: IR [(KBr) vmax/cm-1]: 3400 (O-H), 1620 (C=O). [Raman vmax/cm-1]: 
1595 (G), 1326 (D). 
 
2.3.2 Synthesis of MPcs 
The synthesis of MTAPcs (M = Co, Fe, Ni) and CoTCPc have been reported, see 
section 2.1. 
 
2.3.2.1 Synthesis of CoMAPc (9), Scheme 3.2 
To 40 mL of dry DMF, 4-nitrophthalonitrile (21, 0.29 g, 1.67 mmol), 4-(benzyl-
mercapto)-phthalonitrile (22, 1.26 g, 5 mmol) and Co(CH3COO)2.4H2O (0.14 g, 0.56 
mmol) were added and the mixture heated under reflux for 5 h at 180 0C under 
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nitrogen atmosphere. The mixture was allowed to cool to room temperature and 
excess methanol was added to precipitate cobalt(II)-tris(benzyl-mercapto)-
mononitrophthalocyanine (23). The precipitate (23) was further washed with 
methanol, dried at 110 0C overnight and then reduced to CoMAPc (9) by adding  
Na2S.9H2O and heating at 50 0C for 5h under aqueous conditions. CoMAPc (9) was 
then purified according to literature methods [29]. Dry CoMAPc (9) was dissolved in 
a minimum amount of DMF and chromatographed on a Si60 column with diethyl 
ether/DMF (9:1) solvent mixture as eluant, with the solvent polarity gradually 
increased to 100 % DMF, to obtain the desired second fraction. Further 
chromatographic purification of 9 was done using a 9:1 mixture of chloroform and 
methanol as eluant. Yield:  0.35 g (22.0 %). [UV/vis (DMF)]: λmax nm (log ε); 677 
(4.81), 617 (4.47). [IR (KBr): νmax/cm-1]: 3447 (NH), 1601 (NH), 746 (C-S). Calcd. for 
C53H35N9S3Co: C; 56.21, H; 2.73, N; 8.82, S; 8.50; Found: C; 55.95, H; 2.85, N; 8.54, S; 
8.17. [MALDI-TOF MS m/z]: Calcd: (M+) 952. Found: (M+) 952. 
 
2.3.2.2 Synthesis of CoMCPc (10), Scheme 3.3 
The synthesis of CoMCPc (10) was according to Scheme 3.3. To 50 mL of dry 
DMF, 4-(benzyl-mercapto)-phthalonitrile (22, 1.88 g, 7.5 mmol), 4-(3,4-
dicyanophenoxy)benzoic acid  (24, 0.66 g, 2.5 mmol) and Co(CH3COO)2.4H2O (0.21 
g, 0.84 mmol) were added and the mixture was refluxed at 180 0C  for 5 h under a 
nitrogen atmosphere. The resultant reaction mixture was allowed to cool to room 
temperature and excess methanol was added to precipitate an impure cobalt(II)-
tris(benzyl-mercapto)-mono(carboxyphenoxy)-phthalocyanine, CoMCPc (10). The 
product, CoMCPc (10), was dissolved in minimum amount of DMF and 
chromatographed on a Si60 column with diethyl ether/DMF (9:1) solvent mixture as 
eluant and gradually increasing the solvent polarity to 100 % DMF, to obtain the 
desired second fraction. Further chromatographic purification was done using a 
chloroform:methanol (9:1) mixture as eluant to give CoMCPc (10). Yield:  0.40 g (26.0 
%). [UV/vis (DMF)]: λmax nm (log ε); 672 (4.94), 608 (4.30), 462 (3.82). [IR (KBr): 
νmax/cm-1]: 3266 (O-H), 2921 ((C-H), 1720 (C=O), 748 (C-S). Calcd. for 
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C60H40N8S3O3Co: C; 66.01, H; 3.26, N; 10.22, S; 9.80; Found: C; 65.85, H; 3.45, N; 9.94, 
S; 9.67. [MALDI-TOF MS m/z]: Calcd: (M+) 1075. Found: (M+) 1075. 
2.3.3 Synthesis of MPc-SWCNT conjugates 
2.3.3.1 Synthesis of MTAPc-SWCNT(linked), Scheme 3.4  
SWCNT-COOH (1 mg) were treated with 5 mL of SOCl2 and 12 drops of 
anhydrous DMF at 70 0C for 24 h to give acid chloride derivatives (SWCNT-COCl, 
25) [163,201]. The mixture was centrifuged for 20 min, DMF decanted and the solid 
washed with anhydrous THF. Centrifugation was repeated with the THF layer being 
decanted. The solid SWCNT-COCl (25) was dried under vacuum in a desiccator. The 
SWCNT-COCl (25) was refluxed with 0.1 g of MTAPc (7a-7c) in 15 mL of DMF for 96 
h and the resulting solids were centrifuged for 20 min, DMF decanted and the solid 
washed with ethanol. The solid products (MTAPc-SWCNT(linked) were dried at 
room temperature under vacuum [163].  
CoTAPc-SWCNT(linked) (14): IR [(KBr) vmax/cm-1]: 3457 (N-H, amide), 1608 (C=O, 
amide). [Raman vmax/cm-1]: 1593 (G), 1330 (D), 1541 (Co ion marker band). 
FeTAPc-SWCNT(linked) (15): IR [(KBr) vmax/cm-1]: 3395 (N-H, amide), 1610 (C=O, 
amide). [Raman vmax/cm-1]: 1593 (G), 1330 (D), 1536 (Fe ion marker band), 1666 
(amide I), 1477 (amide II), 1277 (amide III). 
NiTAPc-SWCNT(linked) (16): IR [(KBr) vmax/cm-1]: 3395 (N-H, amide), 1610 (C=O, 
amide). [Raman vmax/cm-1]: 1593 (G), 1330 (D), 1545 (Ni ion marker band), 1665 
(amide I), 1500 (amide II), 1266 (amide III). 
 
2.3.3.2 Synthesis of CoTCPc-PA-SWCNT(linked) (17) and CoTCPc-EA-
SWCNT(linked) (18), Scheme 3.5 
CoTCPc-PA-SWCNT(linked) (17) was synthesized according to Scheme 3.5 as 
follows: CoTCPc (8, 0.2 g) was treated with 5 mL of SOCl2 and 10 mL of anhydrous 
DMF and heated at 70 ◦C for 24 h [277] to give a blue-green cobalt phthalocyanine 
acid chloride derivative (CoTCOClPc, 26). To the mixture, 5 mg of PA-SWCNT (12) 
was added and the mixture continuously stirred at 70 C for 96 h. After cooling to 
room temperature the mixture was centrifuged for 20 min and the solution 
containing unreacted CoTCOClPc (26) decanted. The solid was washed with 
  Experimental 
61 
 
anhydrous THF. Centrifugation was repeated with the THF layer being decanted. 
Finally the solid was washed with ethanol to remove THF. The resultant black solid 
(CoTCPc-PA-SWCNT(linked) (17)) was dried under vacuum in a desiccator [163]. 
CoTCPc-EA-SWCNT(linked) (18) (Scheme 3.5) was synthesized following similar 
steps to those of CoTCPc-PA-SWCNT(linked) (17), but replacing PA-SWCNT (12) 
with EA-SWCNT (11).  
CoTCPc-PA-SWCNT(linked) (17): IR [(KBr) vmax/cm-1]: 3431 (N-H, amide), 1714 
(C=O, amide). 
CoTCPc-EA-SWCNT(linked) (18): IR [(KBr) vmax/cm-1]: 3425 (N-H, amide), 1650 
(C=O, amide). [Raman vmax/cm-1]: 1598 (G), 1279 (D), 2715 (G‟), 2547 (non-dispersive 
phonon mode).  
 
2.3.3.3 Synthesis of CoMAPc-SWCNT(linked) (19), Scheme 3.6 
CoMAPc-SWCNT conjugates were synthesized according to Scheme 3.6 as 
follows: 1 mg of SWCNT-COOH (13) was treated with 5 mL of SOCl2 and 12 drops 
of anhydrous DMF and the mixture heated at 70 0C for 24 h [278] giving an acid 
chloride derivative (SWCNT-COCl, 25). The mixture was centrifuged for 20 min and 
SOCl2 decanted and the solid washed with anhydrous THF. Centrifugation was 
repeated with the THF layer being decanted. The solid SWCNT-COCl (25) was dried 
under vacuum in a desiccator. The SWCNT-COCl was refluxed with 50 mg of 
CoMAPc in 10 mL of DMF for 96 h and the resulting solid was centrifuged for 20 
min, DMF decanted and the solid washed with ethanol. The solid product 
(CoMAPc-SWCNT(linked), 19) was dried at room temperature under vacuum [163]. 
CoMAPc- SWCNT(linked) (19): IR [(KBr) vmax/cm-1]: 3372 (N-H, amide), 1640 (C=O, 
amide), 2927 (C-H). 
 
2.3.3.4 Synthesis of CoMCPc-PA-SWCNT(linked) (20), Scheme 3.7 
  CoMCPc-PA-SWCNT conjugate was synthesized according to Scheme 3.7 as 
follows: 50 mg of CoMCPc were dissolved in 10 mL DMF and 5 mL of SOCl2 added 
to the solution. The mixture was heated at 70 ◦C for 24 h [278] to give cobalt (II)-
tris(benzyl-mercapto)-monomethanoyl-phthalocyanine, CoMCOClPc (27). To the 
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mixture, 1 mg of PA-SWCNT (12) was added and this mixture was heated for a 
further 96 h at the same temperature. The resultant mixture was allowed to cool to 
room temperature, centrifuged for 20 min and the resultant solid was washed with 
anhydrous THF. Centrifugation was repeated with the THF layer being decanted. 
The solid CoMCPc-PA-SWCNT(linked) (20) was further washed with ethanol and 
dried under vacuum in a desiccator [163]. 
CoMCPc-PA-SWCNT(linked) (20): IR [(KBr) vmax/cm-1]: 3200 (N-H, amide), 1700 
(C=O, amide), 1598 (N-H). 
 
2.4 Electrochemical Methods 
Cyclic voltammetry (CV), chronoamperometry (CA), rotating disk electrode 
(RDE) voltammetry and electrochemical impedance spectroscopy (EIS) were 
performed on a  three electrode electrochemical cell comprising of glassy carbon 
electrode (GCE) as the working electrode (area = 0.071 cm2), platinum wire (Pt) as a 
counter electrode and a silver|silver chloride wire (Ag|AgCl) as a pseudo-reference 
electrode. Before use, the GCE was polished on a Buehler-felt pad using alumina 
(0.05 µm), and then washed with Millipore water, sonicated for 5 min in Millipore 
water, washed again with Millipore water and then with pH 4 buffer solution. The 
potential response of Ag|AgCl pseudo-reference electrode in aqueous conditions 
was less than the Ag|AgCl (3 M KCl) electrode by 0.015 ± 0.003 V. For 
electrochemical reactions done in DMF, tetrabutylammonium tetrafluoroborate 
(TBABF4) was used as a supporting electrolyte. For aqueous studies, voltammetric 
solutions were prepared in pH 4 buffer using Millipore water. Prior to the analyses, 
all the solutions were purged with argon/nitrogen gas to drive out oxygen and this 
argon/nitrogen atmosphere was maintained throughout the analyses.  
Electropolymerization of the complexes on GCE were performed by repetitive 
scanning (CV) of the complex solutions (1 mM) in DMF containing TBABF4. After 
polymerization, the GCE modified with the film was removed from the electrolytic 
cell, rinsed with DMF and finally with pH 4 buffer. The modified electrodes were 
conditioned by continuous cyclisation in pH 4 buffer solution until stable 
voltammetric currents were obtained. These electrodes are represented as poly-
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MTAPc-GCE. Poly-NiTAPc (7c) was converted to poly-Ni(OH)TAPc by continuous 
cyclisation of the former in 0.1 M NaOH.  
For adsorption, a solution of SWCNTs, MPcs, MPc-SWCNT(linked) or 
MPc/SWCNT(mixed) was introduced onto the GCE through the drop/dip-dry 
methods, where a drop of the solution is placed on the electrode or the electrode was 
dipped in solution. The electrodes were then dried under an atmosphere of 
argon/nitrogen, rinsed and cyclized in pH 4 buffer. Regeneration of the modified 
electrode after use was achieved by either shaking it in pH 4 buffer solution or in 
methanol, followed by repetitive scanning in pH 4 buffer until stable voltammetric 
currents were obtained.   
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CHAPTER 3 
 
Synthesis, spectroscopic and 
microscopic characterizations 
 
This chapter deals with the syntheses, spectroscopic and microscopic 
characterization of the MPcs, SWCNTs, MPc/SWCNT mixtures and 
MPc-SWCNT conjugates.
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Table 3.1 List of synthesized MPcs, functionalized SWCNTs and MPc-SWCNT 
conjugates, their abbreviations and numbers in this thesis 
 
1. MPc complexes Abbreviation No 
Cobalt (II) tetraamino phthalocyanine  
Iron (II) tetraamino phthalocyanine  
Nickel (II) tetraamino phthalocyanine  
Cobalt tetracarboxy-phthalocyanine  
Cobalt (II) tris(benzyl-mercapto)-monoamino phthalocyanine  
Cobalt (II) tris(benzyl-mercapto)-mono(carboxyphenoxy) 
phthalocyanine  
CoTAPc 
FeTAPc 
NiTAPc 
CoTCPc 
CoMAPc 
CoMCPc 
 
7a 
7b 
7c 
8 
9 
10 
2. Functionalized SWCNTs  
Ethylene amine functionalized 
Phenylamine functionalized 
Carboxylic acid functionalized 
EA-SWCNT 
PA-SWCNT 
SWCNT-COOH 
11 
12 
13 
3. MPc-SWCNT conjugates  
Cobalt (II) tetraamino phthalocyanine-single walled carbon 
nanotubes 
Iron (II) tetraamino phthalocyanine-single walled carbon 
nanotubes 
Nickel (II) tetraamino phthalocyanine-single walled carbon 
nanotubes 
Cobalt (II) tetracarboxy-phthalocyanine-phenylamine-single 
walled carbon nanotubes 
Cobalt (II) tetracarboxy-phthalocyanine-ethylene amine-
single walled carbon nanotubes 
Cobalt (II)-tris(benzyl-mercapto)-
monoaminophthalocyanine-single walled carbon nanotubes 
Cobalt (II)-tris(benzyl-mercapto)-mono(carboxyphenoxy) 
phthalocyanine-single walled carbon nanotubes 
 
CoTAPc-SWCNT 
 
FeTAPc-SWCNT 
 
NiTAPc-SWCNT 
 
CoTCPc-PA-SWCNT 
 
CoTCPc-EA-SWCNT 
 
CoMAPc-SWCNT 
 
CoMCPc-PA-SWCNT 
 
14 
 
15 
 
16 
 
17 
 
18 
 
19 
 
20 
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3.1 Functionalization of SWCNTs  
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Scheme 3.1: Functionalization of SWCNTs to EA-SWCNT (11), PA-SWCNT (12) 
and SWCNT-COOH (13).
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Although the electronic properties of nanotubes can be compromised via 
functionalization, it is however a necessary step in order to unbundle them [154,180] 
and enable derivatization. SWCNTs were ethylene amine and phenylamine 
functionalized via the diazonium ion formation according to literature [168,180,279]. 
SWCNTs were amine functionalized with ethylene amine (EA) and  phenyl-amine 
(PA) according to Schemes 3.1 (route I) and (route II) to give products EA-SWCNT 
(11) and PA-SWCNT (12), respectively. The amine groups are attached on the walls 
of the SWCNTs, Scheme 3.1. A mixture of conc. H2SO4 and conc. HNO3 in the ratio 
of 3:1 was used to cut and terminate SWCNTs with carboxylic acid groups, SWCNT-
COOH (13), Scheme 3.1 (route III).  
 
3.1.1 Characterization of functionalized SWCNTs 
3.1.1.1 FTIR and Raman spectroscopies 
 Figure 3.1a shows the FTIR spectra for the various forms of SWCNTs. The IR 
spectra for the functionalized SWCNTs showed enhanced bands, Figs. 3.1a(ii)-a(iv), 
compared with the raw (Fig. 3.1a(i)). The –NH2 bands for the EA-SWCNT (Fig. 
3.1a(iv)) were observed in the region 3430-3470 cm-1 (doublet) [168] and 1390-1640 
cm-1 for the scissoring modes [168,178,190]. PA-SWCNT (Fig. 3.1a(iii)) showed an –
NH2 doublet in the region of 3428-3490 cm-1 [168] and a scissoring mode around 1644 
cm-1 [168,178,190].  
 SWCNT-COOH (Fig. 3.1a(ii)) showed O-H and C=O bands at the following 
wave numbers: 3400-3500 cm-1 and   1620-1720 cm-1, respectively [68,163,176,191]. 
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Figure 3.1: (a) FTIR spectra for (i) raw SWCNTs, (ii) SWCNT-COOH, (iii) PA-
SWCNT and (iv) EA-SWCNT and (b) Raman spectra for (I, dashed line) raw 
SWCNTs and (II, solid line) EA-SWCNT in powder form.  
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 Figure 3.1b (I and II) shows the Raman spectra for the raw SWCNTs and EA-
SWCNT, respectively. The G band was observed at 1590 cm-1 as in other studies 
[164,175,176,178], while the D band was found around 1270 cm-1 and is close to what 
has been observed elsewhere [136,176]. The significant increase in the D band 
intensity (relative to the G band) is an indication of sidewall functionalization [168]. 
The non-dispersive G‟-band at 2542 cm-1 and the radial breathing mode (RBM) at 170 
cm-1 are in agreement with other studies [177]. The G- and the D-bands were 
observed at 1593 cm-1 and 1326 cm-1, respectively (for the SWCNT-COOH), in 
agreement with literature [164,175,178]. Increase in intensity of the D-band relative 
to the raw is due to the conversion of sp2 bonding into sp3 and this confirms 
successful functionalization [164]. Raman spectral studies for PA-SWCNT (12) were 
not done because of instrumental problems, but the spectrum is expected to be 
similar to that of EA-SWCNT (11).  
 
3.1.1.2 Transmission electron microscopy (TEM) 
Figure 3.2: TEM image of SWCNT-COOH (13). Magnification: x10 000. 
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Figure 3.2 shows the transmission electron microscopy (TEM) picture of 
SWCNT-COOH (13) that were initially dispersed in DMF. The dark spots in between 
the SWCNTs could be metallic clusters from the catalyst used in their synthesis 
[164,280,281]. 
 
 
             
Figure 3.3: TEM image of side walled functionalized SWCNT: (a) EA-SWCNT (11) 
and (b) PA-SWCNT (12).  
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 TEM was successfully used to show modification of SWCNTs (Figs. 3.2 and 
3.3). The TEM pictures shown in Fig. 3.3(a and b) were taken after sonication of EA-
SWCNT (11) and PA-SWCNT (12) in DMF for 1 h and then drying the solvent. The 
pictures show well dispersed beaded SWCNT rods, an indication of successful 
functionalization with ethylene diamine (EDA) and 1,4-benzene diamine (BDA). The 
nice dispersion of EA-SWCNT (Fig. 3.3a) and PA-SWCNT (Fig. 3.3b) shows the good 
exfoliating properties of DMF. The beads along the sides of the SWCNTs confirm 
that the amine groups are attached on the walls.  The beads observed in EA-SWCNT 
(Fig. 3.3a) appear smaller than those shown for PA-SWCNT (Fig. 3.3b), possibly due 
to the differences in the sizes of EA and PA. The nature of the TEM images for 
SWCNT-COOH (13), EA-SWCNT (11) and PA-SWCNT (12) indicate the different 
modes of functionalization. 
 
3.1.1.3 XRD spectroscopy 
Table 3.2: XRD parameters for the raw and functionalized SWCNTs. 
 
Type of SWCNT  2θ (in degrees) d – spacing (Ǻ) 
Raw SWCNTs 
 
17.5; 20.5; 25.5; 
26.5; 44.5; 51.5 
5.00; 4.29; 3.36; 
3.32; 2.04; 1.77 
SWCNT-COOH (13) 17.5; 20.5; 25.5; 
26.5; 44.5; 52.0 
5.06; 4.28; 3.43; 
3.36; 2.04; 1.76 
EA-SWCNT (11) 10.6; 17.5; 20.6; 
26.6; 44.3; 51.6 
8.31; 5.05; 4.32; 
3.35; 2.04; 1.77 
PA-SWCNT (12) 10.8; 17.6; 20. 6; 
26.6; 44.5; 51.5 
8.17; 5.04; 4.31; 
3.35; 2.03; 1.76 
 
Changes in 2θ angles and d-spacings confirm a new crystal form [189]. The 
(002) d-spacing for the functionalized SWCNTs (at ~26.60, Table 3.2 in bold) have 
significantly increased and this could confirm the formation of a new crystal.
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Figure 3.4: XRD spectrum for raw SWCNTs. 
 
 The powder X-ray diffraction study of raw SWCNTs and SWCNT-COOH were 
done over the range of 2θ = 15–600 on a silicon wafer. XRD data were fitted using 
Eva (evaluation curve fitting) software.  Alternatively the d-spacings can be 
estimated using the Scherrer Eq. 3.1 [282].  
βCosθ
kλ
)A(
o
d                                 (3.1) 
where k is an empirical constant equal to 0.9,  is the wavelength of the X-ray source, 
(1.5405 Å),  is the full width at half maximum of the diffraction peak and  is the 
angular position of the peak. 
 Raw SWCNTs (Fig. 3.4) show peaks at 2θ angles of 17.50 (singlet), 20.50 (singlet), 
26.00 (doublet average value), 44.50 (singlet) and 51.50 (singlet) corresponding to d-
spacing values of 5.00 Å, 4.29 Å, 3.36 Å and 3.32 Å, 2.04 Å and 1.77 Å, respectively, 
Table 3.2.                                           
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Figure 3.5: XRD spectrum for SWCNT-COOH (13). 
     
The SWCNT-COOH (Fig. 3.5) peaks at 2θ = 17.50 (d = 5.06 Å) and 20.50 (d = 
4.28 Å) dropped drastically in intensity upon COOH functionalization and these 
could have resulted from the removal of impurities in the raw SWCNTs. All other 
peaks increased in intensities with the doublet peak appearing at an average value of 
26.00 ((25.50 + 26.50)/2). This doublet corresponds to the graphite (002) d-spacing of 
the SWCNTs [194-196]. The d002 values derived from the doublet (SWCNT-COOH = 
3.43 Å and 3.36 Å) are higher than that of the perfect graphite (d002 = 3.35 A0) as 
observed in other studies [195]. The two peaks at 2θ values of 44.50 and 520 
correspond to the (111) and (200) planes of carbon [196] (Fig. 3.5), Table 3.2. The 
difference in the nature of the XRD spectra (i.e. 2θ angles and d-spacings) for the raw 
SWCNTs (Fig. 3.4) and SWCNT-COOH (Fig. 3.5) is an indication of formation of 
new crystal [189], hence successful functionalization. All the peaks for SWCNT XRDs 
are very sharp, an indication of their crystalline form [44].  
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Figure 3.6: XRD spectrum for EA-SWCNT (11). 
 
The EA-SWCNT (11) spectrum (Fig. 3.6) shows a number of peaks at 2θ 
angles of 10.60, 17.50, 20.60, 26.60, 44.30 and 51.60 (Table 3.2). The peaks at 2θ angles of 
26.60, 44.30 and 51.60 corresponds to the graphite (002) d-spacing of the SWCNTs 
[194-196], the (111) and (200) reflections of carbon [196], respectively. The sources of 
the peaks at 2θ angles of 10.60, 17.50 and 20.60 are not yet clearly understood. 
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Figure 3.7: XRD spectrum for PA-SWCNT (12). 
 
The PA-SWCNT (12) spectrum (Fig. 3.7) shows six peaks at 2θ angles of 10.80, 
17.60, 20.60, 26.60, 44.50 and 51.50 (Table 3.2), with the peaks at 2θ angles of 26.60, 44.50 
and 51.50 corresponding to the graphite (002) d-spacing of the SWCNTs [194-196], 
the (111) and (200) reflections of carbon [196]. 1,4-Benzene diamine (BDA)  alone 
showed peaks at 17.80 and 20.50 which are close to the 2θ values that are observed in 
the PA-SWCNT (12) spectra. However peaks close to these (17.80 and 20.50) have also 
been observed in the EA-SWCNT spectrum and it therefore becomes difficult to 
conclude the source of their origin at this point. The source of the peak at 2θ angles 
of 10.80 is not yet clearly understood. The changes in 2θ values and d-spacings could 
confirm crystallographic rearrangements that occur when the phenylamine group is 
attached to the walls of the SWCNTs.   
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3.1.1.4 Thermogravimetric analyses 
Figure 3.8: Thermogravimetric analysis (TGA) of (i) raw SWCNT, (ii) EA-SWCNT 
(11) and (iii) SWCNT-COOH (13) obtained at a heating rate of 10 0C/min under 
nitrogen. 
 
Structural differences (Fig. 3.8, i – iii) between the raw SWCNT (i), EA-
SWCNT (ii) and SWCNT-COOH (iii) were confirmed using thermal gravimetric 
analysis (TGA). Different thermal decay profiles, (Fig. 3.8, i - iii), point to 
structurally different materials. Weight loss observed for the raw SWCNT may be 
due to the destruction of the residual amorphous carbon present in the carbon 
nanotubes. TGA showed weight loss of 19.8 %, 36.4 % and 40.4% for the raw 
SWCNT, EA-SWCNT and SWCNT-COOH, respectively, at 625 C. The extent of 
functionalization is expressed as the number of substituents per SWCNT carbon 
atoms. The estimated weight losses due to the functionalization on EA-SWCNT and 
SWCNT-COOH are 16.6 % and 20.6 %, respectively. Using the formula reported in 
the literature [209], this gave about one EA functional group per 25 carbon atoms for 
EA-SWCNT and is close enough to what has been observed in other studies [52]. The 
ratio of COOH groups to carbon atoms was found to be 1:15.  
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3.2 Synthesis and characterization of symmetrical Pcs (MTAPcs (7a, 7b, 7c) and 
CoTCPc (8)) 
The synthesis of CoTAPc (7a), FeTAPc (7b), NiTAPc (7c) and CoTCPc (8) has 
been reported before [29,43,44, 51,275]. The IR spectra of MTAPcs showed bands in 
the region 3400-3500  cm-1 and 1500-1600 cm-1 (due –NH2 stretching and bending 
vibrations) [68,176,190]  and around 2900 cm-1 (due to C-H vibrations) [283,284]. The 
IR spectrum of CoTCPc (8) gave vibrational bands at 3475, 1710 and 1090 cm-1, 
representing the O-H, C=O and the C-O stretching bands, respectively.  
The UV-vis spectra for CoTAPc (7a), FeTAPc (7b), NiTAPc (7c) and CoTCPc 
(8) showed a symmetrical peaks at 680, 700, 708 and 666 nm, respectively (all in 
DMF), Table 3.3.  
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Table 3.3: UV-vis absorption maxima for complexes and mixtures 
 
Complex Q-band/nm 
CoTAPc (7a) 
CoTAPc-SWCNT(linked) (14) 
CoTAPc/SWCNT-COOH(mix) 
680 
635 
635 
FeTAPc (7b) 
FeTAPc-SWCNT(linked) (15) 
FeTAPc/SWCNT-COOH(mix) 
700 
681 (shoulder); 684 
688 
NiTAPc (7c) 
NiTAPc-SWCNT(linked) (16) 
NiTAPc/SWCNT-COOH(mix) 
708 
703 
705 
CoTCPc (8) 
CoTCOClPc 
CoTCPc-PA-SWCNT(linked) (17) 
CoTCPc/PA-SWCNT(mix) 
666 
675 
680 
678 
CoTCPc (8) 
CoTCOClPc 
CoTCPc-EA-SWCNT(linked) (18) 
CoTCPc/EA-SWCNT(mix) 
666 
675 
675 
666 
CoMAPc (9) 
CoMAPc-SWCNT(linked) (19) 
CoMAPc/SWCNT-COOH(mix) 
677 
686 
686 
CoMCPc (10) 
CoMCOClPc 
CoMCPc-PA-SWCNT(linked) (20) 
CoMCPc/EA-SWCNT(mix) 
672 
672 
686 
686 
 
 
 
 
 
  Results and Discussion 
82 
 
3.3 Synthesis and characterization of CoMAPc (9) 
CoMAPc (9) is a low symmetry Pc carrying a single amino group. It was 
synthesized according to Scheme 3.2. The statistical approach was employed and the 
Pc was synthesized via the formation of its corresponding mononitro-Pc (23) in 
DMF, followed by the reduction of the nitro-Pc (23) in aqueous Na2S.9H2O to give 
CoMAPc (9). CoMAPc (9) was then purified according to literature methods for 
amino Pcs [29]. Further purification was by chromatography on a Si60 column and 
dried over P2O5.  
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Scheme 3.2: Synthetic route to CoMAPc (9). 
 
Elemental analysis results and the calculated values showed good agreement. 
Mass spectral results gave the same molecular mass as the one calculated from the 
molecular formula at 952 atomic mass units. Splitting of the Q-band which is typical 
of low symmetry phthalocyanines is not very clear in Fig. 3.9,  however, there is 
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broadening which could either be due to low symmetry or aggregation. The Beer-
Lambert law was obeyed for the complex in the concentration range 1  10-6 to 1  10-
5 M (in DMF), hence the broadening could be due to unresolved splitting due to low 
symmetry nature of the molecule. The IR spectrum for the CoMAPc showed a peak 
at 1601 cm-1 as well as a broad (and weak) feature at  ~3300 cm-1 for the -NH2 
stretching [168] and scissoring modes [168,178,190], respectively.  
 
 
 
Figure 3.9: UV-vis spectrum for 1 x 10-5 M CoMAPc (9) in DMF. Inset: Molecular 
structure of 9. 
 
3.4 Synthesis and characterization of CoMCPc (10) 
CoMCPc (10) is a low symmetry Pc carrying a single carboxylic acid group.   
It was synthesized according to Scheme 3.3, using the statistical approach as was for 
CoMAPc (9).  
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Scheme 3.3: Synthetic route to CoMCPc (10). 
 
Elemental analysis confirmed the synthesis of CoMCPc (10). Mass spectral 
analysis results were in good agreement with the calculated molecular ion mass at 
M+ = 1075. The IR spectrum showed bands at 3266 cm-1, 2921 cm-1, 1720 cm-1 and 748 
cm-1 wave numbers, corresponding to the O-H, C-H, C=O and C-S vibrational bands, 
respectively. 
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Figure 3.10: UV-vis spectrum for 1 x 10-5 M CoMCPc (10) in DMF. Inset: Molecular 
structure of 10. 
 
UV-Vis spectrum for 10 is shown in Fig. 3.10. The splitting of the Q-band 
expected of low symmetry Pcs is not very clear (Fig. 3.10), as was with CoMAPc, 
although there is broadening which could either be due to low symmetry incomplete 
splitting of the Q-band (at 672 nm, Table 3.3) or aggregation. However, CoMCPc (10) 
obeyed the Beer-Lambert law in the concentration range 1  10-7 to 1  10-5 M (in 
DMF), hence the broadening can be attributed to the unresolved splitting of this 
molecule, due to its low symmetry nature. A charge transfer band was observed at 
around 460 nm.  
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3.5 Synthesis and characterization of MTAPc-SWCNT conjugates (14,15,16) 
 
COCl
COCl
COCl
COCl
ClOC
ClOC
ClOC
ClOC
ClOC
ClOC
COCl
COClSOCl2, DMF
    MTAPc (7a-c)
70 oC, 24 h.
DMF, 70 oC, 96 h.
(14-16)
MTAPc-SWCNT(linked)
SWCNT-COOH (13)
SWCNT-COCl (25)
 
Scheme 3.4: Synthetic route to MTAPc-SWCNT (14-16). 
 
The syntheses of MTAPc-SWCNT(linked), are shown in Scheme 3.4. SWCNT-
COOH (13) (1 mg) were converted into the acid chloride derivative (SWCNT-COCl, 
25) [163,201] through the use of SOCl2 and a few drops of anhydrous DMF catalyst. 
Solid SWCNT-COCl (25) was refluxed with MTAPc in DMF (96 h at 70 0C). The 
product (MTAPc-SWCNT(linked)) was exhaustively washed with DMF to remove 
most the MTAPc adsorbed on the SWCNT walls. The solid products were dried at 
room temperature under vacuum.  
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3.5.1 Characterization of CoTAPc-SWCNT(linked) (14) 
3.5.1.1 UV-vis spectroscopy 
 
   
 
Figure 3.11: UV-Vis spectra of (a) CoTAPc, (b) SWCNT-COOH (13), (c) 1 µM 
CoTAPc-SWCNT(linked) (14) and (d) CoTAPc/SWCNT-COOH(mix). Inset: 
Expanded view from 550-700 nm. Solvent DMF. 
 
The UV-Vis spectra of SWCNT-COOH (13),  CoTAPc (7a),  CoTAPc-
SWCNT(mix) and CoTAPc-SWCNT(linked) (14) were recorded in DMF (after 1 h of 
sonication). The absorption spectral  bands for  SWCNT-COOH (13), Fig. 3.11b, are 
very weak and this has been observed in other studies [180]. The Q-band ( = 635 
nm) of CoTAPc-SWCNT(linked), (Fig. 3.11c), is shifted from CoTAPc (7a) ( = 680 
nm), Fig. 3.11a, but it is the same as that of  CoTAPc/SWCNT-COOH(mix) ( = 635 
nm, Fig. 3.11d). In this case, the UV-Vis spectra do not give clear evidence of 
chemical bonding since both  CoTAPc-SWCNT(linked) and CoTAPc/SWCNT-
COOH(mix) have Q-bands at the same wavelength.  The blue shifting in the 
spectrum in the presence of SWCNT-COOH (13) is typical of aggregation in MPc 
complexes [285]. However in this type of aggregation, both the monomer and dimer 
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will normally be present, which is not the case in Fig. 3.11. Therefore this blue shift 
could be due to the SWCNT-COOH which withdraws electrons from the –NH2 
groups of CoTAPc following coordination. This electron withdrawal increases the 
HOMO-LUMO gap, resulting in this blue shift. However mixing CoTAPc and 
SWCNT-COOH also result in blue shifting, suggesting that there could some 
interactions which distort the Pc л-conjugation.  
 
3.5.1.2 IR spectroscopy 
 
Figure 3.12: FTIR spectra of (a) SWCNT-COOH (13), (b) CoTAPc (7a),  (c) CoTAPc-
SWCNT( linked), 14.  
 
Fig. 3.12 shows the FTIR spectra of SWCNT-COOH (13), CoTAPc (7a) and 
CoTAPc-SWCNT(linked). The IR spectrum of the CoTAPc-SWCNT(linked) 
showed a band at 1608 cm-1 due to the C=O stretch of the amide bond (-NHCO-) 
and lies in between 1600 cm-1 (-NH2) and 1620 cm-1 (C=O) for the CoTAPc (7a) and 
SWCNT-COOH, respectively,  confirming the presence of a  chemical bond 
between  SWCNT-COOH and CoTAPc.  
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3.5.1.3 Raman spectroscopy (on modified GCE) 
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 Figure 3.13: Raman spectra (a) GCE, (b) CoTAPc-GCE, (c) raw SWCNT-GCE and 
SWCNT-COOH-GCE, (d) CoTAPc/SWCNT-COOH(mix)-GCE and (e) CoTAPc-
SWCNT(linked)-GCE. In DMF suspension. 
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            The Raman bands have been reported at 1340 (D band) and 1610 cm-1 (G 
band) for a bare GCE [286]. The latter (G band) was observed at 1595 cm-1 for GCE 
(Fig. 3.13a), which shifted to 1593 cm-1 for SWCNT-COOH-GCE, CoTAPc/SWCNT-
COOH(mix)–GCE and CoTAPc-SWCNT(linked)-GCE, Figs. 3.13c-e (Table 3.4). There 
is a decrease in intensity of the G band at 1593 cm-1 on formation of the CoTAPc-
SWCNT(linked)-GCE (Fig. 3.13e) compared with CoTAPc/SWCNT-COOH(mix)-
GCE (Fig. 3.13d) and these differences are associated with chemical linking in the 
former. The enhancement of the D bands with functionalization is a clear proof of 
the conversion of sp2 bonding into sp3 [164]. The D band for SWCNT-COOH (13) is 
observed at 1326 cm-1 (Fig. 3.13c), at 1330 cm-1  for CoTAPc-SWCNT(linked)-GCE 
(Fig. 3.13e) and at 1319 cm-1 for CoTAPc/SWCNT-COOH(mix)-GCE (Fig. 3.13d). The 
observed G- and D-bands are close to those reported in literature [166,176,191]. The 
Raman band at 1541 cm-1 (Fig. 3.13e) is due to the cobalt metal ion [287] in the 
CoTAPc (7a), this band is observed at 1541 cm-1, 1550 cm-1 and 1541 cm-1 for 
CoTAPc-GCE, CoTAPc/SWCNT-COOH(mix)-GCE and CoTAPc-SWCNT(linked)-
GCE, respectively (Table 3.4), again showing the difference between the linked and 
mixed SWCNT-COOH and CoTAPc. The ion marker band in CoTAPc-GCE is not 
well resolved. 
        The prosposed structure of all MTAPc-SWCNT conjugates is shown in Fig. 3.14. 
In Fig. 3.14a some of the amino groups are not attached to the MTAPc, while in Fig. 
3.14b, all the amino groups are linked to form conjugates. 
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Figure 3.14:  Representation of conjugates formed between SWCNT-COOH (13) and 
MTAPc using (a) some of the amino substituents and (b) all the amino substituents 
on the MTAPc.  
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Table 3.4: Raman bands 
 
Complex D-band/cm-1 G-band/cm-1 Ion marker 
band/cm-1 
GCE 1315 1595 - 
SWCNT-COOH (13) 1326 1593 - 
CoTAPc (7a) 
CoTAPc-SWCNT(linked) (14) 
CoTAPc/SWCNT-COOH(mix) 
1320 
1330 
1319 
1595 
1593 
1593 
1541 
1541 
1550 
FeTAPc (7b) 
FeTAPc-SWCNT(linked) (15) 
FeTAPc/SWCNT-COOH(mix) 
1330 
1325 
- 
1590 
1585 
- 
1536 
1536 
Not clear 
NiTAPc (7c) 
NiTAPc-SWCNT(linked) (16) 
NiTAPc/SWCNT-COOH(mix) 
1326 
1320 
- 
1593 
1600 
1547 
1545 
Not clear 
EA-SWCNT (11) 1270 1590 - 
CoTCPc (8) 
CoTCPc-EA-SWCNT(linked) (18) 
CoTCPc/EA-SWCNT(mix) 
1348 
1279 
1278 
1551 
1598 
1600 
Not clear 
Not clear 
Not clear 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Results and Discussion 
94 
 
3.5.2 Characterization of FeTAPc-SWCNT(linked) (15) 
3.5.2.1 UV-Vis Spectroscopy 
 
 
Figure 3.15: UV-vis spectra of (a) FeTAPc-SWCNT(linked)  (15), (b) 1 µM FeTAPc 
(7b), (c) FeTAPc/SWCNT-COOH(mix) and (d) SWCNT-COOH (13). Solvent: DMF. 
 
Figure 3.15, a – d, shows the UV–vis spectra of FeTAPc-SWCNT(linked) (λ = 684, 
with a shoulder at 681 nm), FeTAPc (λ = 700 nm), FeTAPc/SWCNT-COOH(mix) (λ = 
688 nm) and SWCNT-COOH (13), whose absorption maxima is undefined. The 
absorption maximum (Fig. 3.15a) for FeTAPc-SWCNT(linked) (15) shows a split Q 
band which is not evident in FeTAPc (Fig. 3.15b) and FeTAPc/SWCNT-COOH(mix), 
Fig. 3.15c. The explanation for the blue shifting observed for FeTAPc-
SWCNT(linked) and FeTAPc/SWCNT-COOH(mix) is the same as for CoTAPc-
SWCNT(linked) (14). The splitting in the Q band may confirm a loss of symmetry 
[285], probably due to unsymmetrical substitution of the MTAPc forming conjugates 
of the type shown in Fig. 3.14a, where not all of the amino groups are coordinating 
to the SWCNT-COOH as opposed to Fig. 3.14b. This may suggest that all MTAPc 
form this type of conjugates though Q-band splitting is not evident in CoTAPc or 
NiTAPc (discussed later). In Fig. 3.15, it is also possible that there are two Q bands 
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one belonging to the coordinated FeTAPc and the other to FeTAPc complexes which 
were not coordinated at all since the Q band is at the same position as that of FeTAPc 
without SWCNT-COOH in solution. However, in all syntheses excess unreacted 
MTAPc was removed by continuously washing the reaction mixture with DMF.  
Thus it is more likely that the split in the Q band (Fig. 3.15a) is due to loss of 
symmetry with some of the amino groups not being coordinated to SWCNTs, Fig. 
3.14a.  
 
3.5.2.2 FTIR Spectroscopy 
         FTIR was also used to ascertain the presence of the amide linkage between 
FeTAPc (7b) and SWCNT-COOH (13). Fig. 3.16 shows the IR spectra for FeTAPc (7b), 
FeTAPc–SWCNT(linked) and SWCNT-COOH. The doublet peak for FeTAPc at around 
3400 – 3500 cm-1 is typical of the –NH2 stretching mode and the –NH2 scissoring mode 
is associated with the peak at 1618 cm-1 [176]. The doublet peak between 3400 and 3500 
cm-1 for FeTAPc becomes a single peak and shifts towards lower wavenumber (3395 
cm-1) on formation of FeTAPc–SWCNT(linked) (15). The –NH2 scissoring mode shifts to 
1610 cm-1 compared to 1618 cm-1 for FeTAPc without SWCNT-COOH. The band at 1710 
cm-1 for FeTAPc could be attributed to deformations of different types of N-H bond or 
attributed to carbon–nitrogen double bonds as observed in other studies [288].  
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Figure 3. 16: FTIR spectra of (a) SWCNT-COOH (13), (b) FeTAPc (7b), 
(concentration ~ 1 x 10-5 M) and (c) FeTAPc-SWCNT(linked) (15).  
 
 3.5.2.3 Raman Spectroscopy 
The amide I, amide II and amide III bands are at 1666, 1496 and 1277 cm-1(low 
intensity), respectively, confirming the linkage between the SWCNT-COOH and 
FeTAPc (Fig. 3.17). This is in agreement with what has been observed elsewhere 
[289,290] for amides.  Table 3.4 shows that all other bands occur at totally different 
wavenumbers (for SWCNT-COOH, FeTAPc and FeTAPc-SWCNT(linked)), with the 
exception of the iron ion marker bands which appear at the same position, indicating 
that coordination between FeTAPc and SWCNT-COOH has occurred. The iron ion 
marker peak is at 1536 cm-1 for both FeTAPc and FeTAPc-SWCNT(linked), a value 
that is close to 1530 cm-1 reported in literature [287]. The G-bands for FeTAPc and 
FeTAPc-SWCNT(linked) are at 1590 and 1585 cm-1, while the D-bands appear at 1330 
and 1325 cm-1, respectively, Table 3.4.  
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Figure 3.17:  Raman spectra of SWCNT-COOH (13), FeTAPc (7b) and FeTAPc-
SWCNT(linked) (15). 
 
3.5.3 Characterization of NiTAPc-SWCNT (linked) (16) 
For NiTAPc, XRD spectral studies were done since the equipment arrived 
after the CoTAPc and FeTAPc had been concluded. It was also decided to make a 
more comprehensive characterization for NiTAPc conjugates using Raman 
spectroscopy and transmission electron microscopy (TEM). 
 
3.5.3.1 UV-vis spectroscopy 
The UV-Vis spectra (Fig. 3.18) of SWCNT-COOH (13), NiTAPc (7c), 
NiTAPc/SWCNT-COOH(mix) and NiTAPc-SWCNT(linked), 16, were recorded in 
DMF (after 1 h of sonication). As has been stated before, the absorption spectrum for 
SWCNT-COOH (Fig. 3.18d) is featureless. The Q band of NiTAPc-SWCNT(linked) ( 
= 703 nm)  and NiTAPc/SWCNT-COOH(mix) ( = 705 nm), Figs. 3.18b and 3.18c, 
respectively,  are blue shifted from NiTAPc whose Q-band is at  = 708 nm, (Fig. 
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3.18a), for the same reasons given before for the shifts observed for both CoTAPc-
SWCNT(linked) and CoTAPc/SWCNT-COOH(mix). However, the large blue-
shifting for CoTAPc-SWCNT(linked), Fig. 3.11, relative to that observed for FeTAPc-
SWCNT(linked) (Fig. 3.15) and NiTAPc-SWCNT(linked), Fig. 3.18, is still 
unexplained. 
       
 
Figure 3.18:  UV–vis spectra of (a) NiTAPc (7c), (b) NiTAPc-SWCNT(linked), (16), 
(c) NiTAPc/SWCNT-COOH(mix) and (d) SWCNT-COOH (13). Solvent = DMF. 
[NiTAPc] ~ 1 µM. 
 
3.5.3.2 FTIR spectroscopy 
Figure 3.19a-c shows the FTIR spectra of SWCNT-COOH (a), NiTAPc-
SWCNT(linked) (b)  and NiTAPc (c), respectively. The NiTAPc (Fig. 3.19c) spectrum 
shows a typical doublet between  3228 and 3457 cm-1 and a sharp peak at around 
1613 cm-1 due to stretching mode of the -NH2 [176] and –NH2 vibration mode, 
respectively [190]. The peaks below 1600 cm-1 are the phthalocyanines fingerprints. 
NiTAPc-SWCNT(linked) has broad peak at around 3457 cm-1 with a small shoulder 
at around 3200 cm-1. An amide peak at around 1618 cm-1 (in-between the –NH2 
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vibration mode and the C=O stretching peak) is a clear indication of coordination 
between NiTAPc (7c) and SWCNT-COOH (13). 
 
 
Figure 3.19: FTIR spectra of (a) SWCNT-COOH (13), (b) NiTAPc-SWCNT(linked) 
(16) and (c) NiTAPc (7c). 
 
3.5.3.3 Raman Spectroscopy 
The amide I, II and III bands for NiTAPc-SWCNT(linked) were at 1665, 1500 
and 1267 cm−1, respectively, as observed elsewhere [289,290]. The D-bands were at 
1326 and 1320 cm-1 and the G-bands at 1593 and 1600 cm-1 for the NiTAPc and 
NiTAPc-SWCNT(linked), respectively. The nickel ion marker band was observed at 
1547 cm-1 and 1545 cm-1 in NiTAPc (7c) and NiTAPc-SWCNT complex (16), 
respectively, which is in close agreement with 1545 cm-1 that was observed in other 
studies [287,291]. These D- and G-band values compare well with those obtained for 
CoTAPc and FeTAPc, Table 3.4.  
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3.5.3.4 XRD spectroscopy 
Figure 3.20: XRD spectra for SWCNT-COOH (13), NiTAPc (7c) and NiTAPc-
SWCNT(linked) (16). 
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Table 3.5: XRD parameters for raw SWCNTs, SWCNT-COOH (13), NiTAPc (7c) 
and NiTAPc-SWCNT(linked) (16). 
 
Electrode modifier 2θ (in degrees) d – spacing (Ǻ) 
Raw SWCNTs 
 
17.5; 20.5; 25.5; 
26.5; 44.5; 51.5 
5.00; 4.29; 3.36; 
3.32; 2.04; 1.77 
SWCNT-COOH (13) 17.5; 20.5; 25.5; 
26.5; 44.5; 52.0 
5.06; 4.28; 3.43; 
3.36; 2.04; 1.76 
NiTAPc (7c) 27 3.30 
NiTAPc-SWCNT(linked) (16) 17.8; 26.5; 44.5; 51.5 4.91; 3.30; 2.04; 1.77 
 
  Figure 3.20 shows comparative XRD spectra for NiTAPc (7c), SWCNT-
COOH (13) and NiTAPc-SWCNT(linked) (16). The interplanar spacing for the 
broad peak in NiTAPc-SWCNT(linked) is 3.30 Å (2θ = 270), Fig. 3.20, Table 3.5. 
This d-spacing value is close to 3.3-3.4 Å that has been reported elsewhere 
[192,193]. The broadness of the XRD peak for NiTAPc-SWCNT(linked), Fig. 3.20, 
suggests that it is in semi-crystalline form [44]. Apart from the Pc peak at 2θ = 270, 
that overlapped with the SWCNT peak at ~260, the XRD for NiTAPc-
SWCNT(linked) show three additional peaks which could be attributed to 
SWCNTs. This shows that NiTAPc has been incorporated into the SWCNTs. Peak 
shifts, for example d-spacings at ~26.50 (in bold), shows that NiTAPc-SWCNT 
conjugate is in a different crystal form, relative to NiTAPc and SWCNT-COOH 
and this confirms chemical linking. 
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3.5.3.5 Transmission electron microscopy (TEM) images 
Figure 3.21: Comparative TEM images for (a) SWCNT-COOH (13), (b) 
NiTAPc/SWCNT-COOH(mix) and (c) NiTAPc-SWCNT(linked) (16).  
 
Figure 3.21 shows the TEM images of SWCNT-COOH (13), NiTAPc-
SWCNT(linked) (16) and NiTAPc/SWCNT-COOH(mix) dispersed through 
ultrasonication in DMF. In the absence of NiTAPc (7c), the SWCNT-COOH (13) 
show well dispersed rods (Fig. 3.21a). The TEM image of NiTAPc/SWCNT-
COOH(mix) (Fig. 3.21b) shows aggregates of NiTAPc between the rods. The TEM for 
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the mixture also shows clusters of NiTAPc adsorbed onto the walls of the SWCNT 
rods. The TEM for NiTAPc-SWCNT(linked) shows the linkages between NiTAPc 
and  SWCNT-COOH as confirmed through a number of nodal points (Fig. 3.21c). 
The nodal points represent the NiTAPc molecule, from which the SWCNTs are 
attached according to Fig. 3.14 (where M = Ni). The observed discontinuities in 
coordination could be attributed to the breaking of linkages due to sonication (Fig. 
3.21). 
 
3.6 Synthesis and characterization of CoTCPc-PA-SWCNT(linked) (17) and 
CoTCPc-EA-SWCNT(linked) (18)  
 
N
N
NN
N
N Co
N
N
COCl
COCl
ClOC
COCl
SOCl2, DMF
CoTCPc (8)
PA-SWCNT (12)   or EA-SWCNT (11)
70 oC, 24 h.
DMF, 70 oC, 96 h.
(17)
                          CoTCPc-PA-SWCNT or CoTCPc-EA-SWCNT
CoTCOClPc (26)
(18)
 
Scheme 3.5: Synthetic route to CoTCPc-PA-SWCNT(linked) (17) and CoTCPc-EA-
SWCNT(linked) (18) 
 
Conjugates (17) and (18) were synthesized according to Scheme 3.5 following 
literature methods [168,279,292]. For both conjugates (17 and 18), as explained in the 
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experimental section, SOCl2 was initially used to exhaustively convert the COOH 
groups of CoTCPc (8) into the acid chloride derivatives (COCl) before mixing with 
limiting quantities of PA-SWCNTs (12) or EA-SWCNT (11) in DMF. The mixtures 
were continuously stirred at 70 0C for 96 h to give products 17 and 18.  
 
3.6.1 Transmission electron microscopy (TEM) 
Figure 3.22 shows the TEM images of PA-SWCNT, CoTCPc/PA-
SWCNT(mix) and CoTCPc-PA-SWCNT(linked) initially dispersed in DMF through 
ultra-sonication followed by evaporation of the solvent. PA-SWCNT (Fig. 3.22a) 
show large beads along SWCNT axis, representing the phenyl-amine groups that are 
attached to the SWCNT walls. The TEM image of CoTCPc/PA-SWCNT(mix) (Fig. 
3.22b) shows aggregates of CoTCPc between and on top the beaded PA-SWCNT 
rods. The TEM image (Fig. 3.22c) for CoTCPc-PA-SWCNT(linked) is different from 
that of CoTCPc/PA-SWCNT(mix) and shows sideway linkages between adjacent 
SWCNTs. The nature of linkages does suggest that the phenyl-amine groups are 
located at the walls of the CNTs.  
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Figure 3.22: TEM images of (a) PA-SWCNT (12), (b) CoTCPc/PA-SWCNT(mix) and 
(c) CoTCPc-PA-SWCNT(linked) (17).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)PA-SWCNT (b)CoTCPc/PA-SWCNT 
(c)CoTCPc-PA-SWCNT 
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Figure 3.23: TEM images of (a) EA-SWCNT (11), (b) CoTCPc/EA-SWCNT(mix) and 
(c) CoTCPc-EA-SWCNT(linked) (18).  
 
Figure 3.23a-c shows the TEM images of EA-SWCNT (11), CoTCPc/EA-
SWCNT(mix) and CoTCPc-EA-SWCNT(linked) (18) initially dispersed through 
ultra-sonication in DMF. EA-SWCNT pictures in Fig. 3.23a are similar to those 
observed in Fig. 3.22a. The TEM image of CoTCPc/EA-SWCNT(mix) (Fig. 3.23b) 
shows aggregates of CoTCPc (8) between the beaded SWCNT rods. The TEM for 
CoTCPc-EA-SWCNT(linked) shows CoTCPc directly linked and sitting on top, 
around and along the  SWCNT rod, as evidenced by a number of nodal points, Fig. 
3.23c, hence confirming the linking of CoTCPc to SWCNT. TEM confirms that there 
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are no significant differences in coordination of CoTCPc to EA-SWCNT or PA-
SWCNT. 
 
3.6.2 UV-vis spectroscopy 
Figure 3.24: UV-vis spectra for (a) 1 µM CoTCPc (8), (b) CoCOClPc, (c) CoTCPc-
PA-SWCNT(linked) (17), (d) PA-SWCNT (12) and (e) CoTCPc/PA-SWCNT(mix). 
Solvent = DMF. 
 
Figure 3.24a-e shows the UV-vis spectra for CoTCPc (8), CoTCOClPc, 
CoTCPc-PA-SWCNT(linked) (17), PA-SWCNT (12) and CoTCPc/PA-SWCNT(mix), 
respectively, in DMF. The Q-bands for CoTCOClPc (Fig. 3.24b), CoTCPc/PA-
SWCNT(mix)(Fig. 3.24e) and CoTCPc-PA-SWCNT(linked), Fig. 3.24c, are red-shifted 
at 675 nm, 678 nm and 680 nm, respectively, relative to CoTCPc (8) whose absorption 
maxima is at 666 nm, Fig. 3.3. The shift of 4 nm between CoTCOClPc and CoTCPc-
PA-SWCNT (17) could indicate coordination of SWCNT to CoTCOClPc. The 
observed red shifting indicate that the phenyl-amine groups on the SWCNTs are 
donating electrons into the Pc ring which result in the reduction of the HOMO-
LUMO gap. The Q band for CoTCOClPc indicate some form of asymmetry as judged 
by a split Q band, and this may be due to incomplete transformation of COOH 
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groups to COCl in CoTCOClPc. This asymmetry is however no longer observed in 
CoTCPc-PA-SWCNT and CoTCPc/PA-SWCNT(mix). The UV-Vis spectrum for PA-
SWCNT has no noticeable absorption bands, which is typical of functionalized 
SWCNTs [176].  
 
Figure 3.25: UV-Vis spectra of (a) 1 µM CoTCPc (8), (b) CoTCOClPc, (c) CoTCPc-
EA-SWCNT(linked) (18) and (d) CoTCPc/EA-SWCNT(mix). Solvent = DMF. 
 
Figure 3.25a-d shows the UV-vis spectra for CoTCPc (8), CoTCOClPc, 
CoTCPc-EA-SWCNT(linked) (18) and CoTCPc/EA-SWCNT(mix), respectively, in 
DMF. The Q-bands for both CoTCOClPc and CoTCPc-EA-SWCNT(linked) are red-
shifted at 675 nm, relative to CoTCPc (18) and CoTCPc/EA-SWCNT(mix) whose 
absorption maxima is at 666 nm. As observed with CoTCPc-PA-SWCNT(linked), the 
CoTCPc-EA-SWCNT(linked) red shifting indicate that the EA-SWCNT molecules are 
donating electrons into the Pc ring, lowering the HOMO-LUMO energy gap. While 
EA and PA groups are electron donating, the COOH group in SWCNT is electron 
withdrawing and therefore increases the HOMO-LUMO gap, resulting in the blue 
shifting observed for the MTAPc-SWCNT conjugates (14-16). For the CoTCOClPc 
and CoTCPc-EA-SWCNT(linked) (18), the Q band shows splitting probably due to 
asymmetry as a result of incomplete transformation of COOH to COCl (Fig. 3.25b) or 
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incomplete coordination between EA-SWCNT and CoTCPc (Fig. 3.25c). There is also 
appearance of the charge transfer bands (around 405 nm)  for both CoTCOClPc and 
CoTCPc-EA-SWCNT(linked) (18).  
 
3.6.3 FTIR spectroscopy 
 
 
Figure 3.26: FTIR spectra of (a) CoTCPc (8) , (b) PA-SWCNT (12) and (c) CoTCPc-
PA-SWCNT(linked) (17). 
 
Figure 3.26 shows the FTIR spectra for CoTCPc (a), PA-SWCNT (b) and 
CoTCPc-PA-SWCNT(linked) (c). Figure 3.26c shows the spectrum for the amide 
linked CoTCPc-PA-SWCNT conjugate. It has the –NH stretch of the amide at 3431 
cm-1, the C=O stretch of the amide at 1714 cm-1, this is in between the C=O (1728 cm-
1) stretch of the carboxylic acid of CoTCPc (Fig. 3.26a) and the –NH2 stretch of the 
functionalized SWCNT (1644 cm-1), Fig. 3.26b. The CoTCPc (Fig. 3.26a) shows the 
broad O-H stretch at around 3470 cm-1, the C=O stretch for the carbonyl group at 
1728 cm-1 and the C-O stretch at 1095 cm-1 as observed elsewhere [176]. The shift of 
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C=O stretch for CoTCPc (1728 cm-1) to 1714 cm-1 for CoTCPc-PA-SWCNT(linked) 
confirms linking between CoTCPc and PA-SWCNT.  
 
 
 
Figure 3.27: FTIR spectra for (a) raw SWCNTs, (b) EA-SWCNT (11), (c) CoTCPc-
EA-SWCNT(linked), 18, and (d) CoTCPc (8). 
 
Fig. 3.27b shows the spectrum for the amide linked CoTCPc-EA-SWCNT 
complex (18). It has the –NH stretch of the amide at 3425 cm-1, the C=O strecth of the 
amide at 1650 cm-1, this is in between the C=O (1710 cm-1) stretch of the carboxylic 
acid of CoTCPc (Fig. 3.27c) and the –NH2 stretch of EA- SWCNT (1640 cm-1) (Fig. 
3.27a). The CoTCPc (Fig. 3.27c) shows the following carboxylic acid stretching bands:  
broad O-H stretch at around 3475 cm-1, the C=O stretch for the carbonyl group at 
1710 cm-1 and the C-O stretch at 1090 cm-1 as has been reported before [176]. The 
shift of C=O stretch for CoTCPc (1710 cm-1) to 1650 cm-1 for the linked confirms 
bonding, as also confirmed for CoTCPc-PA-SWCNT conjugate above. 
 
 
  Results and Discussion 
111 
 
3.6.4 XRD spectroscopy 
 
Figure 3.28: XRD spectra for PA-SWCNT (12), CoTCPc (8), CoTCPc-PA-
SWCNT(linked) (17) and CoTCPc/PA-SWCNT(mix).  
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Table 3.6: XRD parameters for EA-SWCNT (11), PA-SWCNT (12), CoTCPc (8), 
CoTCPc-PA-SWCNT(linked) (17), CoTCPc-EA-SWCNT(linked) (18), CoTCPc/PA-
SWCNT(mix) and CoTCPc/EA-SWCNT(mix). 
 
ELECTRODE  2θ (in degrees) d– spacing (Ǻ) Intensity 
CoTCPc (8) 27.1 3.29 4209 
PA-SWCNT (12) 10.8; 17.6; 20. 6; 
26.6; 44.5; 51.5 
8.17; 5.04; 4.31; 
3.35; 2.03; 1.76 
1290; 3140; 3225; 
4430; 10739; 2850 
CoTCPc/PA-SWCNT(mix) 26.5; 44.3; 51.6 3.36; 2.04; 1.77 231; 321; 122 
CoTCPc-PA-SWCNT(linked) (17)  18.1; 26.6; 
44.5; 51.8 
4.90; 3.36; 
2.04; 1.77 
7425; 2006; 
3919; 990 
EA-SWCNT (11) 10.6; 17.5; 20.6; 
26.6; 44.3; 51.6 
8.31; 5.05; 4.32; 
3.35; 2.04; 1.77 
1385; 1453; 853; 
1964; 4092; 1200 
CoTCPc/EA-SWCNT(mix) 26.6; 44.3; 51.6 3.35; 2.04; 1.77 389; 634; 240 
CoTCPc-EA-SWCNT(linked) (18) 18.1; 20.8; 26.7; 
44.4; 51.7 
4.91; 4.29; 3.34; 
2.04; 1.77 
11099; 8996; 9290; 
12076; 4578 
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Figure 3.29: XRD spectra for EA-SWCNT (11), CoTCPc (8), CoTCPc-EA-
SWCNT(linked) (18) and CoTCPc/EA-SWCNT(mix). 
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Figures 3.28 shows comparative XRD spectra for PA-SWCNT (12), CoTCPc 
(8), CoTCPc-PA-SWCNT(linked) (17) and CoTCPc/PA-SWCNT(mix). The d-
spacings, 2θ values and the peak intensities for CoTCPc (8), PA-SWCNT (12), 
CoTCPc-PA-SWCNT(linked) and CoTCPc/PA-SWCNT(mix) are given in Table 3.6. 
Figure 3.29 shows the XRD spectra for EA-SWCNT (11), CoTCPc, CoTCPc-EA-
SWCNT(linked) (18) and CoTCPc/EA-SWCNT(mix), respectively. Table 3.6 lists the 
2θ-values, d-spacings and the peak intensities for compounds CoTCPc, EA-SWCNT, 
CoTCPc/EA-SWCNT(mix) and CoTCPc-EA-SWCNT(linked). Fig. 3.29c shows the 
spectrum for the CoTCPc-EA-SWCNT(linked) with all the peaks that have been 
identified in the EA-SWCNT being conspicuously present.  
The spectrum for CoTCPc-PA-SWCNT(linked) (17) shows four peaks at 2θ 
values of 18.10; 26.60; 44.50 and 51.80. The peaks for CoTCPc-PA-SWCNT coincide 
with those observed in the spectrum for PA-SWCNT (Fig. 3.28), though there is a 
noticeable shift in 2θ value for the peak at 18.10 and a slight shift for the peak at 51.80 
for the conjugate (Table 3.6). The Pc peak overlapped with the PA-SWCNT peak at 
2θ = 26.60 (Fig. 3.28). The d-spacing for the peaks at 17.60 for PA-SWCNT and at 18.10 
for CoTCPc-PA-SWCNT (17) are 5.04 Å and 4.9 Å, an indication that the sources of 
these two reflections could be totally different.  Relative to PA-SWCNT, the d-
spacings for CoTCPc/PA-SWCNT(mix) and CoTCPc-PA-SWCNT(linked) have 
increased slightly in some cases, although the peak intensities for CoTCPc/PA-
SWCNT(mix) are very low relative to the conjugate (Table 3.6). The XRD for 
CoTCPc/PA-SWCNT(mix) has three distinct peaks at 2θ = 26.60, 44.30 and 51.60. 
These peaks are at 2θ values that are at least 0.10 less than those of CoTCPc-PA-
SWCNT. Peaks at 17.60 and 18.10 for the PA-SWCNT and CoTCPc-PA-SWCNT, 
respectively, are no longer visible in CoTCPc/PA-SWCNT(mix), possibly due to the 
destruction of crystallographic planes of PA-SWCNT during mixing. Peak shifts 
could indirectly confirm linkage between CoTCPc and PA-SWCNT. The crystalline 
nature of CoTCPc-PA-SWCNT(linked) (17) is confirmed by the sharp peaks, while 
the amorphous nature of CoTCPc/PA-SWCNT(mix)  is shown by the broadness of 
its peaks (Fig. 3.28) [44]. Shifts in 2θ and changes in peak intensities for both 
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CoTCPc-PA-SWCNT(linked) and CoTCPc-EA-SWCNT(linked) from those of PA-
SWCNT and EA-SWCNT respectively, confirm conjugation. 
 
3.6.5 Raman Spectroscopy  
This technique is only discussed for EA-SWCNT conjugates since the sources of the 
spectral bands are similar to those of PA-SWCNT. 
 
 
Figure 3.30:  Raman spectra for (I, dashed line) CoTCPc (8) and (II, solid line) 
CoTCPc-EA-SWCNT(linked) (18). Inset: Raman spectrum of CoTCPc/EA-
SWCNT(mix). 
 
Figure 3.30 (I and II) shows the Raman spectra of for CoTCPc and CoTCPc-
EA-SWCNT(linked). The D bands are at 1348 and 1279 cm-1 for the CoTCPc (Fig. 
3.30(I)) and CoTCPc-EA-SWCNT(linked) (Fig. 3.30(II)), respectively (Table 3.4). For 
CoTCPc/EA-SWCNT(mix), the D band at 1278 cm-1, Fig. 3.30 (inset), is close to that 
of CoTCPc-EA-SWCNT(linked) (18). The G bands are at 1551, 1598 and 1600 cm-1 for 
CoTCPc, CoTCPc-EA-SWCNT(linked) and CoTCPc/EA-SWCNT(mix), respectively 
(Table 3.4). Both the CoTCPc (8) and CoTCPc-EA-SWCNT(linked) (18) have a 
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mode around 2547 cm-1 (the latter for CoTCPc-EA-SWCNT(linked) only) as observed 
elsewhere [177]. The D and G bands of CoTCPc/EA-SWCNT(mix) and CoTCPc-EA-
SWCNT(linked) are more refined for the latter possibly due to chemical 
coordination. 
 
3.6.6 Thermogravimetric analyses (TGA) 
This technique also discussed only EA-SWCNT since the thermograms are similar to 
PA-SWCNT. 
 
Figure 3.31: Thermogravimetric analysis (TGA) of (i) CoTCPc (8) and (ii) CoTCPc-
EA-SWCNT (18) at 10 0C/min under nitrogen. 
 
Structural differences between CoTCPc (8) and CoTCPc-EA-SWCNT(linked) 
(18) were further confirmed using TGA. Different thermal decay profiles point to 
structurally different materials, (Fig. 3.31). TGA showed weight loss of 23.8% and 
41.7 % for CoTCPc (8) and CoTCPc-EA-SWCNT(linked) (18), respectively, at 625 C. 
The extent of functionalization is expressed as the number of substituents per 
SWCNT carbon atoms as stated above. The estimated weight loss due to the 
functionalization on CoTCPc-EA-SWCNT(linked) (18) is 21.9 %. Applying the 
formula reported in the literature [209], this gives about one EA functional group per 
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239 carbon atoms for CoTCPc-EA-SWCNT(linked) (18), compared to one EA group 
per 25 carbon atoms for EA-SWCNT calculated above. 
 
3.7 Synthesis and characterization of CoMAPc-SWCNT (19)  
CoN
N
N
N
N
N
N
N
NH
2
R
R
R
CH
2 S
where R = 
(10)
CoMAPc
CoMAPc-SWCNT(linked)(19)
SWCNT-COCl (25)
DMF, 70 0C, 96 h.
 
Scheme 3.6: Synthetic route to CoMAPc-SWCNT(linked) (19). 
 
CoMAPc-SWCNT conjugates were synthesized according to Scheme 3.6. 
SOCl2 was used to convert the COOH groups of SWCNT into the acid chloride 
derivative (COCl) [278], before reacting with CoMAPc (9) to form CoMAPc-
SWCNT(linked) (19), which was dried at room temperature under vacuum [163].  
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3.7.1 Transmission electron microscopy 
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Figure 3.32: TEM pictures of (a) SWCNT-COOH (13), (ii) CoMAPc/SWCNT-
COOH(mix) and (iii) CoMAPc-SWCNT(linked), (19), nanorods.  
 
Figure 3.32a-c shows the TEM images of SWCNT-COOH (13), 
CoMAPc/SWCNT-COOH(mix) and CoMAPc-SWCNT(linked) (19) nanorods  
initially dispersed through ultrasonication in DMF. The TEM image of 
CoMAPc/SWCNT-COOH(mix) (Fig. 3.32b) shows well dispersed beaded SWCNTs. 
The beads that are along the SWCNT length are adsorbed phthalocyanine (CoMAPc) 
aggregates. This shows that CoMAPc (9) and SWCNT-COOH are interacting and 
most probably through their л-system of electrons. The TEM for CoMAPc-
SWCNT(linked) nanorods (Fig. 3.32c) show dumb-bell shapes, with the CoMAPc on 
both sides of the SWCNT, showing that the carboxylic acid groups to which the 
amino groups are attached are on the terminal ends. The SWCNT are in the middle 
of the phthalocyanine aggregates (see arrow). The lack of continuity in the nature of 
CoMAPc-SWCNT(linked) nanorods, relative to the SWCNTs (Fig. 3.32a) and the mix 
(Fig. 3.32b) shows that the nanorods were successfully synthesized. The term 
nanorod is employed to describe the lack of continuity. The different sizes of rods 
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observed in Fig. 3.32c could be due to aggregation of MPc or linking of more than 
one CoMAPc unit to each end of the SWCNT since it is possible that there are more 
than one carboxylic acid group on each end of the SWCNT. 
 
3.7.2 UV-vis spectroscopy 
 
 
 
Figure 3.33: (a) UV-vis spectrum of CoMAPc (9), (b) CoMAPc/SWCNT-COOH 
(mix) and (c) CoMAPc-SWCNT(linked) (19) nanorods. Inset: Structure of 
CoMAPc. Solvent = DMF. [CoMAPc] = 1 x 10-5 M. 
 
Figure 3.33a-c shows the UV-vis spectra for CoMAPc (9), CoMAPc/SWCNT-
COOH(mix) and CoMAPc-SWCNT(linked) (19) nanorods, respectively, in DMF. The 
Q-bands for both CoMAPc/SWCNT-COOH(mix) and CoMAPc-SWCNT(linked) are 
red-shifted at 686 nm, relative to CoMAPc, whose absorption maxima is at 677 nm 
(Table 3.3). This red shifting is in contrast with the expected blue shifting as 
observed in MTAPc-SWCNT conjugates. The red shifting in CoMAPc-
SWCNT(linked) (19) nanorods could be due to the benzyl-mercapto groups that are 
electron donating and outweigh the electron withdrawing effects induced on 
CoMAPc by the linked SWCNT-COOH, thereby reducing the HOMO - LUMO gap 
of the MPc. The same explanation can be offered for the red-shifting observed in 
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CoMAPc/SWCNT-COOH(mix) as well as the interaction taking place between the 
CoMAPc and SWCNT-COOH (see TEM pictures, Fig. 3.32b). The sharp rise in 
absorbance observed for CoMAPc/SWCNT-COOH(mix) and CoMAPc-
SWCNT(linked) nanorods from around 550 nm is due to the carbon nanotube 
absorbance and has been observed in other studies [52]. 
 
3.7.3 FTIR spectroscopy 
Figure 3.34: FT-IR spectra of (a) CoMAPc (9), (b) SWCNT-COOH (13) and (c) 
CoMAPc-SWCNT(linked) (19). 
 
Figure 3.34 shows the FTIR spectra for the CoMAPc (9), SWCNT-COOH (13) 
and the CoMAPc-SWCNT(linked) nanorods (19). The spectrum for CoMAPc (Fig. 
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3.34c shows the spectrum for the amide linked CoMAPc-SWCNT(linked) nanorods. 
The nanorods have the –NH stretch of the amide at 3372 cm-1, the C=O strecth of the 
amide at 1640 cm-1, this is in between the C=O (1724 cm-1) stretch of the carboxylic 
acid of SWCNT-COOH (13) and the –NH2 stretch of the CoMAPc (1601 cm-1). The 
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shift of C=O stretch for SWCNT-COOH (1724 cm-1) to 1640 cm-1 for CoMAPc-
SWCNT(linked) (19) nanorods confirms bonding. 
 
3.7.4 XRD  spectroscopy 
Table 3.7: XRD Parameters for CoMAPc (9), SWCNT-COOH (13) and CoMAPc-
SWCNT (19). 
 
ELECTRODE 2θ  (in degrees) d– spacing (Ǻ) 
CoMAPc (9) 26.5 3.30 
SWCNT-COOH (13) 17.5; 20.5; 26.0; 44.5; 52.0 5.06; 4.29; 3.36, 2.04; 1.76 
CoMAPc-SWCNT(linked) (19)  18.0; 22.0; 24.0; 26.5; 30.0; 
34.0; 44.5 
4.93; 4.08; 3.70; 3.37; 2.92; 
2.62; 2.04 
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Figure 3.35: XRD spectra for SWCNT-COOH (13), CoMAPc (9) and CoMAPc-
SWCNT(linked) (19). 
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Figures 3.35a-c shows comparative XRD spectrum for SWCNT-COOH (13), 
CoMAPc (9) and CoMAPc-SWCNT(linked) (19), respectively. Table 3.7 gives the 2θ 
values and d-spacings for SWCNT-COOH, CoMAPc and the CoMAPc-
SWCNT(linked).  
Apart from the Pc peak at 2θ = 26.50, the XRD for CoMAPc-SWCNT(linked) 
show additional peaks at 18.00, 22.00, 24.00, 30.00, 34.50 and 44.50 (Fig. 3.35c).  The 
peak at 44.50 is due to the SWCNTs, showing its presence in CoMAPc-
SWCNT(linked). The origin of the other peaks in CoMAPc-SWCNT(linked) 
nanorods XRD spectrum are not yet fully understood. However, it is important to 
note that the differences in the nature of the XRD spectra for CoMAPc, SWCNT-
COOH and the CoMAPc-SWCNT(linked) is an indication of their differences in 
structural orientations, therefore we can safely conclude that nanorods were 
successfully synthesized. 
 
3.8 Synthesis and characterization of CoMCPc-PA-SWCNT (20)  
PA was chosen over EA for the studies with CoMCPc because of the better 
solubility of PA-SWCNT over EA-SWCNT in organic solvents. 
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              (20)
 
Scheme 3.7: Synthetic route to CoMCPc-PA-SWCNT (20). 
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CoMCPc-PA-SWCNT(linked) (20) conjugates were synthesized according to 
Scheme 3.7. SOCl2 was used to convert the carboxylic acid group of the CoMCPc (10) 
into the acid chloride as explained for CoTCPc [278] before adding a limiting amount 
of PA-SWCNT (12), forming CoMCPc-PA-SWCNT(linked) (20). 
 
3.8.1 UV-vis spectroscopy 
 
 
Figure 3.36: UV-vis spectra for: (a) CoMCOClPc, (b) 1 µM CoMCPc (10), (c) 
CoMCPc/PA-SWCNT(mix) and (d) CoMCPc-PA-SWCNT(linked), 20. 
 
Figure 3.36a-d shows the UV-vis spectra for CoMCOClPc (27), CoMCPc (10), 
CoMCPc/PA-SWCNT(mix) and CoMCPc-PA-SWCNT(linked) (20), respectively, in 
DMF. The Q-bands for both CoMCPc and CoMCOClPc are blue-shifted at 672 nm, 
relative to the CoMCPc/PA-SWCNT(mix) and CoMCPc-PA-SWCNT(linked), whose 
absorption maxima are at 686 nm (Table 3.3). For CoMCPc-PA-SWCNT(linked) (20), 
the red shifting is due to the combined effects of the presence of the -electron rich 
CNTs and the phenyl-amine groups that donate electrons into the Pc ring, resulting 
in the reduction of the HOMO - LUMO gap.  
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  The red-shifting observed for the CoMCPc/PA-SWCNT(mix)  indicates 
some form of interaction taking place between the CoMCPc (10) and PA-SWCNT 
(12) which also result in the reduction of the HOMO-LUMO gap. This red shifting 
was also observed in CoMAPc-SWCNT(linked)  due to the electron donating benzyl-
mercapto groups, as stated before. Although to a lower extend, this red shifting is 
also observed for CoTCPc-EA-SWCNT(linked), CoTCPc/PA-SWCNT(mix) and 
CoTCPc-PA-SWCNT(linked) discussed above. This indicates that the benzyl-
mercapto groups in CoMCPc have a stronger influence in the reduction of the 
HOMO-LUMO gap relative to EA or PA carrying SWCNTs. The sharp rise in 
absorbance for CoMCPc-PA-SWCNT(linked) (20) from around 570 nm is due to the 
carbon nanotube absorbance and has been observed elsewhere [52]. 
  
3.8.2 IR spectroscopy 
 
Figure 3.37: FT-IR spectra of: (a) CoMCPc-PA-SWCNT(linked) (20) (b) PA-SWCNT 
(12) and (c) CoMCPc (10). 
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Figure 3.37 shows the FT-IR spectra for CoMCPc (10), PA-SWCNT (12) and 
CoMCPc-PA-SWCNT(linked) (20). The spectrum for the CoMCPc (Fig. 3.37c) 
showed peaks at 1650 and a weak one at 1720 cm-1 for the C=O, 3266 cm-1 (O-H, 
broad) and 2921 cm-1 (C-H) [201]. PA-SWCNT, Fig. 3.37b, has peaks at 3377 and 1606 
cm-1 for the –NH2 stretching [168] and scissoring modes [168,178,190], respectively.  
Fig. 3.37a shows the spectrum for CoMCPc-PA-SWCNT(linked), with peaks at  3200 
and 1598 cm-1  for the –NH  amide stretch. The C=O strecth of the amide at 1700 cm-1 
falls in between the C=O (1720 cm-1) stretch of the carboxylic acid group of CoMCPc 
and the –NH2 stretch of the PA-SWCNT at 1606 cm-1. The change in position of the 
C=O group confirms chemical linking between CoMCPc and PA-SWCNT. 
 
3.8.3   XRD spectroscopy 
Table 3.8: XRD parameters for CoMCPc (10), PA-SWCNT (12) and CoMCPc-PA-
SWCNT(linked) (20). 
 
ELECTRODE 2θ (in degrees) d – spacing (Ǻ) 
CoMCPc (10) 27.0 3.35 
PA-SWCNT (12) 10.8; 17.6; 20. 6; 
26.6; 44.5; 51.5 
8.17; 5.04; 4.31; 
3.35; 2.03; 1.76 
CoMCPc-PA-SWCNT(linked) (20) 20.8; 22.2; 26.3; 
44.5 
4.29; 4.19; 3.30; 
2.04 
 
Table 3.8 summarizes the 2θ values and the d-spacings for CoMCPc (10), PA-
SWCNT (12) and CoMCPc-PA-SWCNT(linked) (20). The XRD spectrum for 
CoMCPc-PA-SWCNT(linked) was weak (spectra not shown) with peaks 20.80, 22.20, 
26.30 and 44.50 (Table 3.8). The peak expected around 52.00 for the SWCNTs was not 
very clear in CoMCPc-PA-SWCNT(linked). The peak at 26.30 in CoMCPc-PA-
SWCNT is due to the overlap of both the CoMCPc and PA-SWCNT bands, while the 
one at 44.50 is due to the PA-SWCNT (Table 3.8).  This is an indication of the linking 
between PA-SWCNT and CoMCPc. The source of the peaks at 2θ values of 10.80, 
17.60 and 20. 60 for PA-SWCNT and at 20.80 and 22.20 for CoMCPc-PA-
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SWCNT(linked) are not known. The 2θ values for CoTCPc-PA-SWCNT(linked) 
(Table 3.6) and those for CoMCPc-PA-SWCNT(linked) (Table 3.8) are different, 
indicating that these two complexes have different crystalline structures. 
 
3.8.4 Atomic force microscopy (AFM)    
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Figure 3.38: AFM pictures of (A) bare GCE, (B) CoMCPc (10), (C) CoMCPc/PA-
SWCNT(mix), (D) PA-SWCNT (12) and (E) CoMCPc-PA-SWCNT(linked) (20). 
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Figure 3.38A-E shows the atomic force microscopy (AFM) images for the 
following electrodes (A) bare GCE, (B) CoMCPc-GCE (10), (C) CoMCPc/PA-
SWCNT(mix)-GCE, (D) PA-SWCNT-GCE (12) and (E) CoMCPc-PA-SWCNT(linked)-
GCE (20). The bare GCE has a mean roughness of 0.34 nm. The sharp spike for the 
bare GCE (Fig. 3.38A) could be due to a defect. The modified GCE shows different 
surface morphologies with the highest mean roughness value of 12.20 nm being 
observed on the PA-SWCNT electrode (Fig. 3.38D). This could be due to the 
aggregated nature of the SWCNTs. The CoMCPc electrode has a roughness of 3.15 
nm, and this increases to 4.24 nm on addition of SWCNT in the mixture (Fig. 3.38C). 
Chemically linking PA-SWCNT (12) to the CoMCPc (10) significantly increased the 
electrode roughness to 6.44 nm (Fig. 3.38E). These different surface roughness values 
confirm the different surface topologies of the hybrid electrodes used in this study as 
has been observed before [230].  
 
3.10 Conclusions 
Microscopy and spectroscopy techniques were used to confirm the formation 
of chemical linkages between SWCNTs and MPcs. UV-vis spectroscopy was used to 
observe the changes in the positions of the Q-band, as an indication of the interaction 
between the MPcs and SWCNTs. FTIR spectroscopy monitored the changes in the 
positions of the C=O vibronic bands as a way of confirming chemical linkages 
between SWCNTs and MPcs. Raman spectroscopy was used to follow the changes in 
intensities of the D-band in order to confirm functionalization of SWCNTs. Peak 
shifts were used to confirm formation of amide linkages. Raman spectroscopy was 
also used to successfully identify ion marker bands and amide peaks. XRD 
spectroscopy was used to follow changes in 2θ values, d-spacings and peak 
intensities as a way of confirming chemical linkages between MPcs and SWCNTs.  
TEM was used to visually observe formation of chemical linkages, as well as to 
monitor the differences between the conjugate precursors and mixtures. AFM 
confirmed the formation of different modifier morphologies on the electrode surface. 
TGA profiles were used to follow changes that occurred during functionalization of 
SWCNTs and the formation of chemical linkages between MPcs and SWCNTs. From 
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the TGA profiles, the degrees of functionalization of SWCNTs by amine and 
carboxylic acid groups, as well as MPcs were obtained.  
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CHAPTER 4 
 
ELECTROCHEMICAL 
CHARACTERIZATION 
OF MODIFIED GCEs 
 
This chapter looks at the different electrochemical methods that were 
employed to characterize the modified GCEs. The electrodes were 
modified by the dip- or drop-dry and electropolymerization methods. 
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4 Cyclic voltammetric characterizations  
4.1 Characterization in pH 4 buffer and surface coverage determination 
For CoTAPc and its conjugates, the electrodes were modified by the drop-dry 
method, while for FeTAPc and NiTAPc, polymerization of these complexes was 
employed and for their conjugates, the electrodes were modified through the drop- 
dry approach. Though the drop-dry method for CoTAPc produced reliable results 
(similar to those obtained through polymerization), the electrode lifespan was very 
short, hence the shift to modification by electropolymerization (for FeTAPc and 
NiTAPc) which gave a more stable and durable electrode surface. For NiTAPc, 
polymerization on the electrode surface further allowed for the easy formation of the 
oxo-bridges on cyclisation in NaOH. The drop-dry method is based on the formation 
of л-л interactions with the bare GCE since it is a carbon based electrode and 
assuming all the conditions are the same reproducibility will be ascertained.   
The surface roughness factor and the effective electrode area for the modified 
electrodes was determined using the [Fe(CN)6] 3-/4- redox system and applying the 
Randles - Sevcik Eq. 4.1 for reversible system [293]. 
𝐼𝑝 = (2.69 × 10
5)𝑛3/2𝐴𝐷1/2𝐶𝑣1/2  (4.1)                                                                   
where n is the number of electrons transferred, A is the geometric electrode area 
(cm2), D is the diffusion coefficient of [Fe(CN)6]3- = 7.6 x 10-6 cm2 s-1 at 25 0C [294] and 
C is the bulk concentration of the [Fe(CN)6]3- (1.0 x 10-6 mol cm-3).  
Surface coverages were estimated using Eq. 4.2 for complexes with well-
defined peaks and Eq. 4.3 for those with peaks that are not clearly defined. 
𝛤 =
𝑄
𝑛𝐹𝐴𝑒𝑓𝑓
 
                                                                                                       (4.2)                                                                                                              
where Q is the charge and F is the Faraday constant. 
𝐼𝑝𝑎 =  
𝑛2𝐹2
4𝑅𝑇
𝜐𝐴𝑒𝑓𝑓𝛤                                                                                 (4.3)                                                                                                                 
where Ip is the peak current, Aeff is the effective electrode coating geometric area and 
Γ is the surface coverage of the redox species. From the slope of plot of Ipa versus v 
surface coverage can be estimated.  
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For all the electrodes, the Γ value is a very crude estimation based on the 
assumption that the electrode coating film is very compact and totally non-porous.  
Table 4.1 Ep of complexes and surface coverages ( ), pH 4 buffer 
 
Complex Ep/V  / mol cm-2 
CoTAPc 
CoTAPc-SWCNT(linked) 
CoIIIPc-1/ CoIIIPc-2 (~0.70) 
Not defined 
1.18 x 10-10 
1.25 x 10-10 
FeTAPc 
FeTAPc-SWCNT(linked) 
FeIIIPc-1/ FeIIIPc-2 (~0.95) 
Not defined 
1.22 x 10-10 
1.43 x 10-10 
NiTAPc 
NiTAPc-SWCNT(linked) 
NiIII/NiII (0.4); Pc-1/ Pc-2 (0.70) 
NiIII/NiII (0.4); Pc-1/ Pc-2 (0.70) 
1.51 x 10-10 
1.34 x 10-10 
Poly-Ni(OH)TAPc NiIII/NiII (0.45)* 1.14 x 10-10 
CoTCPc 
CoTCPc-PA-SWCNT(linked) 
CoIIIPc-1/ CoIIIPc-2 (~0.91) 
CoIIIPc-1/ CoIIIPc-2(~0.89) 
3.25 x 10-10 
1.89 x 10-10 
CoTCPc 
CoTCPc-EA-SWCNT(linked) 
CoIIIPc-1/ CoIIIPc-2 (~0.70) 
CoIII/CoII  (~0.55) 
1.47 x 10-10  
1.28 x 10-10 
CoMAPc 
CoMAPc-SWCNT(linked) 
CoIIIPc-1/ CoIIIPc-2 (~0.70) 
Not defined 
1.24 x 10-10 
1.65 x 10-10 
CoMCPc 
CoMCPc-PA-SWCNT(linked) 
CoIIIPc-1/ CoIIIPc-2 (~0.70) 
Not defined 
1.41 x 10-10 
1.36 x 10-10 
                                                                                *E1/2 value 
 
4.1.1 CoTAPc and its conjugates 
As stated above, the electrodes were modified by drop/dry or dip/dry 
method. After modification, each of the following electrodes: SWCNT-COOH-GCE, 
CoTAPc-GCE, CoTAPc-SWCNT(linked)-GCE and CoTAPc/SWCNT-COOH(mix)-
GCE, was cyclised in pH 4 buffer in order to determine the peak behaviours, Fig. 
4.1A.  The peaks observed at ~0.70 V (versus Ag|AgCl) in Fig. 4.1A appear only for 
CoTAPc and CoTAPc/SWCNT-COOH(mix)–GCE, but not clear for CoTAPc-
SWCNT(linked)-GCE in pH 4 buffer. However these peaks are too broad and appear 
at very high potentials for the CoIII/CoII process, suggesting an overlap with peaks 
due to the ring, CoIIIPc-1/CoIIIPc-2 [74,251].  The CoIII/CoII process is known to be 
irreversible and notoriously difficult to observe for adsorbed CoPc complexes [100], 
hence its absence in CoTAPc-SWCNT(linked)-GCE is not surprising. Additionally, 
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the current for the CoIIITAPc/CoIITAPc peak increased with increase in scan rate, 
Fig. 4.1B, for CoTAPc/SWCNT-COOH(mix)-GCE which is typical of species that are 
adsorbed on an electrode surface [245].  
By using the [Fe(CN)6] 3-/4- redox system and Eq. 4.1 at a scan rate (v) of 0.1 V 
s-1,  the experimentally determined effective electrode area (Aeff) was found to be 
0.079 cm2 (for the GCE modified with CoTAPc-SWCNT(linked)) giving a surface 
roughness factor (experimentally determined area/geometric area (0.071 cm-2)) of 
~1.11 against ~1.0 for the polished electrode GCE, suggesting improved surface for 
the former. Using the Aeff and Eq. 4.2, the surface coverage calculated for CoTAPc 
using the CoIII/CoII process at 0.70 V was 1.18 x 10-10 mol cm-2 (Table 4.1) and is close 
to 1 x 10-10 mol cm-2 observed for a Pc molecule lying flat, confirming monolayer 
formation [295]. The surface coverage (1.25 x 10-10 mol cm-2) for the linked was 
estimated using Eq. 4.3 and also at 0.7 V, Table 4.1. 
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Figure 4.1: (A)  Cyclic voltammograms (pH 4 buffer) for (a) CoTAPc/SWCNT-
COOH(mix)-GCE (b) CoTAPc-GCE, (c) CoTAPc-SWCNT(linked)-GCE, (d) 
SWCNT-COOH-GCE and (e) bare GCE. Scan rate = 50 mV/s. B: Variation of Ip 
with scan rate for CoTAPc/SWCNT(mix)-GCE.  
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4.1.2 FeTAPc and its conjugates 
 Initially FeTAPc was electropolymerized onto the GCE. The presence of 
amino groups on the periphery of the ring results in MPc molecules which can be 
electro-polymerized onto the electrodes.  Amino groups are suitable substituents 
because they are able to form a network of conjugated bonds and hence polymerize 
with ease.  Electro-polymerization of MTAPc complexes is well-established 
[103,296].  
Fig. 4.2 shows the evolution of poly-FeTAPc peaks as the GCE is continuously 
cyclised in FeTAPc monomer solution in DMSO containing 1 mM TBABF4 between -
0.6 and 1.2 V (versus Ag|AgCl). Increase and formation of new peaks is evidence of 
polymer growth. The redox processes in Fig. 4.2 have been observed elsewhere [76]. 
The inset in Fig. 4.2 shows the difference between the first and the last scan (cycle 
80). The conjugates and SWCNTs were simply adsorbed onto the electrode surface. 
 
        
Figure 4.2: Repetitive cyclic voltammetry of 1 x 10-3 M FeTAPc on GCE in DMSO 
containing 1 x 10-3 M TBABF4. Scan rate = 100 mV s-1. Inset: Cycles 1(I) and 80 (II).  
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Figure 4.3:  Cyclic voltammograms for (a) FeTAPc-SWCNT(linked)-GCE, (b) 
poly-FeTAPc-GCE, (c) SWCNT-COOH-GCE, (d) FeTAPc/SWCNT-COOH(mix)-
GCE and (e) bare GCE. pH 4 buffer. Scan rate = 100 mV/s. 
 
Figure 4.3 shows the cyclic voltammograms of FeTAPc-SWCNT(linked)-GCE, 
FeTAPc/SWCNT(mix)-GCE, poly-FeTAPc-GCE and SWCNT-COOH-GCE in pH 4 
buffer. The FeIII/FeII redox peak is not visible in poly-FeTAPc-GCE, FeTAPc-
SWCNT(linked)-GCE and FeTAPc/SWCNT-COOH(mix)-GCE, Fig. 4.3. In the 
presence of SWCNTs, the absence of the FeIII/FeII redox peak (for FeTAPc-
SWCNT(linked)-GCE and FeTAPc/SWCNT-COOH(mix)-GCE) could be attributed 
to an increase in the heterogeneity of the electrode surface which result in the 
broadening of the FeIII/FeII peak. The broad peak at 0.95 V versus Ag|AgCl in poly-
FeTAPc represents the FeIIIPc-1/FeIIIPc-2 redox process. Current increased with scan 
rate showing adsorbed species for FeTAPc-SWCNT(linked) as observed for CoTAPc. 
Surface coverage were estimated (as described above for CoTAPc and its conjugate) 
to be 1.22 x 10-10 and 1.43 x 10-10 mol cm-2 for FeTAPc and FeTAPc-SWCNT(linked) 
(Table 4.1), respectively.  
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4.1.3 NiTAPc and its conjugates 
As with FeTAPc, the polymer was formed first by cyclising the GCE in a solution of 
NiTAPc to form poly-NiTAPc (Fig. 4.4). 
 
         
Figure 4.4: Repetitive cyclic voltammetry of 1 x 10-3 M NiTAPc on glassy carbon 
electrode in DMF containing 1 x 10-3 M TBABF4. Scan rate = 100 mV s-1.  
 
Figure 4.4 shows the evolution of cyclic voltammograms during 
polymerization of NiTAPc monomer in DMF containing TBABF4. The evolution of 
the polymer in Fig. 4.4 is similar to that observed in literature [296], showing well 
defined redox processes.  
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Figure 4.5: Cyclic voltammograms for (a) bare GCE, (b) SWCNT-GCE, (c) poly-
NiTAPc-GCE, (d) NiTAPc-SWCNT-COOH(mix)-GCE and (e) NiTAPc-SWCNT-
GCE(linked), in pH 4 buffer. Scan rate = 100mV/s. 
 
Figure 4.5 compares the cyclic voltammograms of NiTAPc-SWCNT(linked)-
GCE, NiTAPc/SWCNT-COOH(mix)-GCE, poly-NiTAPc-GCE, SWNT-COOH-GCE 
and the bare-GCE in pH 4 buffer. Peak I represents the NiIII/NiII oxidation process as 
observed in other studies [103-106,297]. This peak is very broad for the NiTAPc-
SWCNT(linked) and this could be attributed to the increased heterogeneity of the 
electrode surface as was observed for FeTAPc-SWCNT(linked). Peak II represents 
the first ring oxidation (NiIIIPc-1/NiIIIPc-2) and it is probably overlapping with peak I 
in NiTAPc-SWCNT(linked). 
Using the methods described for CoTAPc (Eq. 4.1), the effective electrode area of the 
NiTAPc-SWCNT(linked) (Aeff cm−2) was estimated to be 0.480 cm2. Using peak I and 
Eq. 4.3, the total surface coverage of the NiTAPc-SWCNT(linked) modifier film of 
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1.34 x 10−10 mol cm-2 was obtained. Using the same approach (peak I), the surface 
coverage for poly-NiTAPc was found to be 1.51 x 10-10 mol cm-2, Table 4.1.  
 
                  
 
Figure 4.6: (a) 25 repetitive scans of poly–NiTAPc-GCE in 0.1 M NaOH (forming 
poly-Ni(OH)TAPc-GCE).  Inset: Expanded view showing the NiIII/NiII processes. 
(b) Cyclic voltammogram of poly-Ni(OH)TAPc-GCE in pH 4 acetate buffer. Inset:  
Plot of peak current versus sweep rate for poly-Ni(OH)TAPc-GCE in pH 4 acetate 
buffer. The reduction process of couple II in Fig. 4.16b used. Scan rate = 50 mV/s. 
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It is known that Ni-O-Ni is more catalytic than poly-NiTAPc [79], hence poly-
NiTAPc was transformed into poly–Ni(OH)TAPc through repetitive cycling in 0.1 M  
NaOH in the potential window  -1.0 to +1.4 V versus Ag|AgCl at a scan rate of 0.05 
V/s for 25 cycles (Fig. 4.6a). Fig. 4.6a (inset) shows expanded view of successive 
increases in peak currents for the NiIII/NiII processes (couple II). These processes 
have been observed in other studies [233,298]. The large increases in currents beyond 
+ 0.6 V have been attributed to the electro-oxidation of OH- ions to O2 with OH● 
radicals as intermediates [298]. Peak I (Fig. 4.6a ) represents the first ring reduction 
of NiTAPc.  Figure 4.6b shows the poly–Ni(OH)TAPc-GCE in pH 4 buffer with the 
NiIII/NiII (process II) being shifted to less positive values compared to NaOH 
solution in Fig. 4.6a. Process III in Fig. 4.6b is due to ring based process (NiIIIPc-1) of 
adsorbed poly–Ni(OH)TAPc. 
Figure 4.6b (inset) shows the plot of the anodic background corrected peak current 
versus sweep rate, using process II in Fig. 4.6b. The linear relationship of the plot of 
scan rate versus current at these low scan rates is characteristic of surface-
immobilized redox species as discussed above. The effective electrode area 
calculated using Eq. 4.1 and the evolved cyclic voltammograms of [Fe(CN)6]4-/3-  in 
0.1 M of KCl [299]. The surface coverage of the redox active poly-Ni(OH)TAPc film 
was estimated from the plot of background corrected peak current versus scan rate, 
according to Eq. 4.3 [231]. The ГMPc value of 1.14 x 10-10 mol cm-2 (Table 4.1) was 
obtained for poly-Ni(OH)TAPc film formed using 25 cycles and the NiIII/NiII peaks 
in Fig. 4.6a inset.  
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4.1.4 CoTCPc and its conjugates 
4.1.4.1 PA-SWCNT  
 
 
Figure 4.7: Cyclic voltammograms for the bare and modified electrodes in pH 4 
buffer: (a) bare GCE, (b) CoTCPc (8), (c) PA-SWCNT (12), (d) CoTCPc/PA-
SWCNT(mix) and (e) CoTCPc-PA-SWCNT(linked) (17). Inset: Cyclic 
voltammogram for CoTCPc-PA-SWCNT(linked) in the potential range 0.0 V – 1.0 
V (vs. Ag|AgCl). Scan rate = 100 mV/s. 
 
Figure 4.7 shows the voltammograms for bare GCE (a), CoTCPc-GCE (b), PA-
SWCNT-GCE (c), CoTCPc/PA-SWCNT(mix)-GCE (d) and CoTCPc-PA-
SWCNT(linked)-GCE (e), all in pH 4 buffer. Figures 4.7e has a peak at around 0.4 V 
which is associated with CoIII/CoII process (see inset) in comparison with literature 
[75]. All other electrodes, with the exception of the bare GCE show peaks in the 
potential range 0.89 - 0.91 V (versus Ag|AgCl). For CoTCPc (8), CoTCPc/PA-
SWCNT(mix) and CoTCPc-PA-SWCNT(linked), these peaks are due to the first ring 
oxidation of the phthalocyanine (CoIIIPc-1/CoIIIPc-2). The peak observed on the PA-
SWCNT is due to the oxidation of the phenyl-amine group that is attached on the 
SWCNT wall [300,301]. The CV of phenyl-amine alone showed a peak at around 0.7 
V (Fig. 4.8a).  
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Figure 4.8: Cyclic voltammograms for (a) phenyl-amine and (b) 1,4-benzene 
diamine in pH 4 buffer. 
 
Couple I (Fig. 4.8 a and b) is common to both phenyl-amine and 1,4-benzene 
diamine (BDA), while peak II is a characteristic oxidation peak for phenyl-amine 
and is absent in BDA. The reversible peak is due to the quinone-diimine units which 
constitute the structure of poly-phenyl-amine, i.e. the electro-oxidation product of 
phenyl-amine, Scheme 4.1. 
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Scheme 4.1: Representative equations for couple I processes. 
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Couple I is absent in Fig. 4.7c, implying that both poly-phenyl-amine and quinone-
diimine are absent in PA-SWCNT (12). Only peak II at around 0.7 V is observed, 
showing that the phenyl-amine group is anchored on the SWCNT wall. This peak is 
observed at around 0.9 V on PA-SWCNTs (Fig. 4.7c). 
By using the [Fe(CN)6]3−/4− redox probe and applying the Randles–Sevcik Eq. 
4.1, the roughness factor for CoTCPc–PA-SWCNT(linked)-GCE was found to be 5.69 
(ratio of Ipa experimental/Ipa theoretical), corresponding to a real electrode area of 
0.40 cm2 (roughness factor × theoretical surface area = 0.071 cm2). There is increased 
roughness for CoTCPc–PA-SWCNT(linked)-GCE relative to the bare electrode. 
Using Eq. 4.3, linear plots of background corrected current versus sweep rate were 
observed for CoTCPc, as is typical of surface-immobilized species. The surface 
coverage was found to be 3.25 x 10-10 mol cm-2 for CoTCPc alone. This is slightly 
higher than a monolayer surface coverage [295]. A value of 1.89 x 10-10 mol cm-2 was 
obtained for CoTCPc–PA-SWCNT(linked), Table 4.1. 
 
4.1.4.2 EA-SWCNT 
Figure 4.9: Comparative cyclic voltammograms (pH 4 buffer) for  (a) CoTCPc/EA-
SWCNT(mix)-GCE, (b) CoTCPc-GCE, (c) CoTCPc-EA-SWCNT(linked)-GCE and 
(d) EA-SWCNT-GCE and (e) bare GCE. Scan rate = 100 mV/s. 
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Figure 4.9 shows the cyclic voltammograms for CoTCPc/EA-SWCNT(mix)-
GCE (a), CoTCPc-GCE (b), CoTCPc-EA-SWCNT(linked)-GCE (c), EA-SWCNT-GCE 
(d), and bare GCE (e), all in pH 4 buffer. Fig. 4.9c (for CoTCPc-EA-SWCNT(linked)) 
clearly shows a peak at 0.55 V which is associated with CoIII/CoII process in 
comparison with literature [75]. The CoIII/CoII oxidation peak is conspicuous 
because EA-SWCNT donates electrons into the Pc ring and ultimately the cobalt 
centre, making the oxidation of cobalt much easier compared to CoTCPc-PA-
SWCNT conjugates. This peak is not very clear for CoTCPc/EA-SWCNT(mix) and 
CoTCPc and this can be attributed to the electron withdrawing effect of the 
carboxylic acid groups which makes the oxidation of cobalt very difficult. The broad 
peaks observed near 0.8 V are due to the ring based processes (CoIIIPc-1/CoIIIPc-2).  
The surface coverages for CoTCPc and CoTCPc-EA-SWCNT(linked) were estimated 
to be 1.47 x 10-10 and 1.28 x 10-10 mol cm-2 (Table 4.1), respectively, using Eq. 4.3.  
 
4.1.5 CoMAPc and its conjugates 
 
 
Figure 4.10: Comparative cyclic voltammograms in pH 4 buffer on: (a) bare GCE, 
(b) SWCNT-COOH-GCE, (c) CoMAPc-GCE, (d) CoMAPc/SWCNT-COOH(mix)-
GCE and (e) CoMAPc-SWCNT(linked)-GCE. Scan rate = 100 mV/s. 
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Figure 4.10 shows the cyclic voltammograms for the bare GCE (a), the 
SWCNT-COOH-GCE (b), the CoMAPc-GCE (c), the CoMAPc/SWCNT-COOH 
(mix)-GCE (d) and the CoMAPc-SWCNT(linked)-GCE (e), all in pH 4 buffer. The 
bare GCE and the SWCNT-COOH-GCE showed no peaks as expected, but CoMAPc-
GCE, CoMAPc/SWCNT-COOH(mix)-GCE and CoMAPc-SWCNT(linked)-GCE 
showed very broad peaks in the region of ~0.4 - ~0.8 V (versus Ag|AgCl) are most 
probably due to the overlap of the CoIII/CoII and CoIIIPc-1/CoIIIPc-2 redox process 
[74,251]. As explained already the CoIII/CoII process is known to be irreversible and 
notoriously difficult to observe for adsorbed CoPc complexes [53,100], hence its 
absence in these cobalt-carrying species is not surprising. However this (CoIII/CoII) 
peak was clear in CoTCPc above, showing its dependence on substituents. The 
surface coverages for CoMAPc and CoMAPc-SWCNT(linked) were estimated to be 
1.24 x 10-10  and 1.65 x 10-10 mol cm-2, respectively, using Eq. 4.3 at 0.7 V.  
 
4.1.6 CoMCPc and conjugates 
 
Figure 4.11: Comparative cyclic voltammograms in pH 4 buffer on: (a) bare GCE, 
(b) PA-SWCNT -GCE, (c) CoMCPc-GCE, (d) CoMCPc/PA-SWCNT(mix)-GCE and 
(e) CoMCPc-PA-SWCNT(linked)-GCE. Scan rate = 100 mV/s. 
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Figure 4.11 shows the cyclic voltammograms evolved on the following 
electrodes in pH 4 buffer: bare GCE (a), PA-SWCNT-GCE (b), CoMCPc-GCE (c), 
CoMCPc/PA-SWCNT(mix)-GCE (d) and the CoMCPc-PA-SWCNT(linked)-GCE (e). 
The bare GCE showed no peaks as expected, but as for CoMCPc-GCE, CoMCPc/PA-
SWCNT(mix)-GCE  and PA-SWCNT-GCE showed broad features beyond 0.6 V 
(versus Ag|AgCl). These broad peaks are due to the CoIII/CoII [74,251] and a 
combination of CoIII/CoII [74,251] and PA-SWCNT [300,301] peaks, for the CoMCPc 
and CoMCPc/PA-SWCNT(mix) electrodes, respectively. As described earlier the 
peak observed around these potentials on the PA-SWCNT electrode is due to the 
oxidation of the phenyl-amine group that is attached on the SWCNT wall [300,301]. 
As already discussed the CoIII/CoII process is known to be irreversible and very 
difficult to observe for adsorbed CoPc complexes [53,100], hence its absence in 
complexes such as CoTAPc, CoMAPc and CoMCPc does not surprise. The CoMCPc-
PA-SWCNT(linked) gives a broad peak which rises sharply from the rest of the 
voltammograms. This may be due to the presence of SWCNTs that increase the 
heterogeneity of the electrode surface, as stated before. The surface coverage for 
CoMCPc was found to be 1.41 x 10-10 mol cm-2, using Eq. 4.3 at 0.8 V. As for 
CoMCPc, the surface coverage for CoMCPc-PA-SWCNT(linked) was estimated to be 
1.36 x 10-10 mol cm-2, Table 4.1. 
 
4.2 Characterization using Fe(CN)63-/4- redox probe 
4.2.1 CoTAPc and its conjugates 
The effects of changes in scan rate on the magnitude of the cathodic to anodic peak 
potential separations (∆Ep) were studied for CoTAPc and its conjugates. The trends 
in the behaviour of the MTAPcs and their conjugates in the presence of the 
Fe(CN)63-/4- redox probe were similar, hence information on FeTAPc and NiTAPc is 
not shown in this thesis. 
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 Figure 4.12: Comparative cyclic voltammetric profiles of 1 mM of Fe(CN)63-/4- in 
0.1 M of KCl by using (a) SWCNT-COOH (13),  (b) CoTAPc (7a), (c) 
CoTAPc/SWCNT-COOH(mix), (d) CoTAPc-SWCNT(linked) (14), and (e) bare 
GCE. Scan rate = 100 mVsec-1. 
 
Figure 4.12 shows comparative CVs for the modified glassy carbon electrodes 
used in this work in the presence of the Fe(CN)63-/4- redox couple. The cathodic to 
anodic peak potential separation (Ep) of the various surface modifications (a) 
SWCNT-COOH-GCE, (b) CoTAPc-GCE, (c) CoTAPc/SWCNT-COOH(mix)-GCE, (d) 
CoTAPc-SWCNT(linked)-GCE and  (e) bare GCE  are  160, 140, 130, 110 and 170 mV 
(versus Ag|AgCl), respectively, at a scan rate of 100 mV/s. The Ep values ranged 
from 65 mV (for bare GCE) to 130 mV (SWCNT-COOH) at a lower scan rate of 20 
mV/s.  Thus at 20 mV/s scan rate, the Ep value for the bare GCE is close to the 
Nernstian value of 59 mV for a one electron transfer reversible system and for the 
modified electrodes the processes are quasi-reversible. Of the modified electrodes, 
CoTAPc-SWCNT(linked) showed the lowest Ep value (110 mV at 100 mV/s) 
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confirming its improved electron transfer kinetics compared with the rest of the 
modified electrodes. Irrespective of the changes in scan rate it was observed that the 
order of electron transfer remained the same. 
 
4.2.2 CoTCPc and its conjugates 
4.2.2.1 PA-SWCNT 
 
 
Figure 4.13: Comparative cyclic voltammetric evolutions of 1 mM of [Fe(CN)6]3−/4− 
in 0.1 M of KCl using bare GCE (a), CoTCPc–PA-SWCNT(linked)-GCE (b), 
CoTCPc/PA-SWCNT(mix)-GCE (c), PA-SWCNT-GCE (d) and CoTCPc-GCE (e). 
Scan rate = 100 mV/s. 
 
Figure 4.13 shows comparative cyclic voltammograms for the modified glassy 
carbon electrodes used in this work in the presence of the [Fe(CN)6]3−/4− redox probe. 
The ∆Ep for bare GCE (a), CoTCPc–PA-SWCNT(linked)-GCE (b), CoTCPc/PA-
SWCNT(mix)-GCE (c), PA-SWCNT (d) and CoTCPc-GCE (e)  are 128 mV, 156 mV, 
180 mV, 250 mV and  216 mV (versus Ag|AgCl), respectively, at a scan rate of 100 
mV/s. In terms of electron transfer efficiency, the order is as follows: bare GCE > 
CoTCPc–PA-SWCNT(linked)-GCE > CoTCPc/PA-SWCNT(mix)-GCE > CoTCPc-
GCE > PA-SWCNT-GCE. This confirms the good electron transfer kinetics for the 
conjugate compared to the rest of the modified electrodes, as observed for CoTAPc 
with the exception of the bare GCE. 
 
-0.4 -0.2 0 0.2 0.4 0.6
E/V vs. Ag|AgCl
50 µA
b
d
a ec
  Results and Discussion 
152 
 
4.2.2.2 EA-SWCNT 
 
Figure 4.14: Comparative cyclic voltammetric evolutions of 1 mM of [Fe(CN)6]3−/4− 
in 0.1 M of KCl using bare GCE (a), CoTCPc–EA-SWCNT(linked)-GCE (b), 
CoTCPc/EA-SWCNT(mix)-GCE (c), EA-SWCNT-GCE (d) and CoTCPc-GCE (e), 
Scan rate = 100 mV/s. 
 
Figure 4.14 shows comparative CVs for the modified glassy carbon electrodes 
used in this work in the presence of the [Fe(CN)6]3−/4− redox probe. The ∆Ep for bare 
GCE (a), CoTCPc–EA-SWCNT(linked)-GCE (b), CoTCPc/EA-SWCNT(mix)-GCE (c), 
EA-SWCNT (d) and CoTCPc-GCE (e)  are 128 mV, 124 mV, 146 mV, 150 mV and  216 
mV (versus Ag|AgCl), respectively, at a scan rate of 100 mV/s. The order in terms 
of electron transfer efficiency, is therefore CoTCPc–EA-SWCNT(linked)-GCE > bare 
GCE > CoTCPc/EA-SWCNT(mix)-GCE > EA-SWCNT-GCE > CoTCPc-GCE, 
confirming the good electron transfer kinetics for the linked complex compared to 
the rest of the modified electrodes, including the bare GCE. As was the case with PA, 
the formal potential for CoTCPc–EA-SWCNT(linked)-GCE is more negative than the 
other modifiers possibly due to the presence of linkages between the MPc and the 
SWCNTs which makes electron exchange between the redox probe and electrode 
modifier much faster.  
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4.2.3 CoMAPc and its conjugates 
 
 
Figure 4.15: Comparative cyclic voltammetric evolutions of 1 mM of [Fe(CN)6]3−/4− 
in 0.1 M of KCl using bare GCE (a), CoMAPc-SWCNT(linked)-GCE (b), CoMAPc-
GCE (c), SWCNT-COOH-GCE (d) and CoMAPc/SWCNT-COOH(mix)-GCE (e), 
Scan rate = 20 mV/s. 
 
Figure 4.15 shows comparative cyclic voltammograms for the modified glassy 
carbon electrodes used in this work in the presence of the [Fe(CN)6]3−/4− redox probe. 
The ∆Ep for bare GCE (a), CoMAPc-SWCNT(linked)-GCE (b), CoMAPc-GCE (c), 
SWCNT-COOH-GCE (d) and CoMAPc/SWCNT-COOH(mix)-GCE (e) are 66 mV, 68 
mV, 74 mV, 70 mV and 116 mV (versus Ag|AgCl), respectively, at a scan rate of 20 
mV/s. ∆Ep value for CoMAPc-SWCNT(linked)-GCE is close to the Nernstian value 
of 58 mV for a one-electron process [235] and similar to that of the bare GCE, 
confirming their good electron transfer kinetics. The lower ∆Ep for CoMAPc-
SWCNT(linked)-GCE (compared to the rest of the modified electrodes) is possibly 
due to the presence of linkages between the CoMAPc (9) and SWCNT-COOH (13) as 
well as their good alignment on the electrode surface since they are 
monosubstituted, which makes electron exchange between the redox probe and 
electrode modifier much faster.  
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4.2.4 CoMCPc and its conjugates 
 
 
 
Figure 4.16: Comparative cyclic voltammetric evolutions of 1 mM of [Fe(CN)6]3−/4− 
in 0.1 M of KCl using bare GCE (a), PA-SWCNT-GCE (b) CoMCPc-PA-
SWCNT(linked)-GCE (c), CoMCPc/PA-SWCNT(mix)-GCE (d) and CoMCPc-GCE 
(e). Scan rate = 20 mV/s. 
 
Figure 4.16 shows the cyclic voltammograms which evolved on the various 
modified GCEs using 1 mM [Fe(CN)6]3−/4− in 0.1 M KCl as a redox probe. The ∆Ep 
for bare GCE (a), PA-SWCNT-GCE (b), CoMCPc-PA-SWCNT(linked)-GCE (c), 
CoMCPc/PA-SWCNT(mix)-GCE (d) and CoMCPc-GCE (e), are 54 mV, 66 mV, 60 
mV, 78 mV and 172 mV (versus Ag|AgCl), respectively, at a scan rate of 20 mV/s. 
∆Ep values for the CoMCPc-PA-SWCNT(linked), bare GCE and PA-SWCNT are 
close to the Nernstian value of 58 mV for a one-electron process [235], confirming 
their good electron transfer kinetics. The order in terms of the electron transfer 
kinetics is as follows: bare GCE > CoMCPc-PA-SWCNT(linked)-GCE > PA-SWCNT-
GCE > CoMCPc/PA-SWCNT(mix)-GCE » CoMCPc-GCE. The large ∆Ep for 
CoMCPc-GCE implies that on its own, it has poor electron transfer properties. 
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However, when coupled with SWCNTs, its catalytic properties are activated, as 
evidenced by the good electron kinetics shown by the CoMCPc-PA-SWCNT 
conjugate (Fig. 4.16). This is explained in terms of the electron donating nature of the 
PA-SWCNTs (which reduce the redox potentials for the metal centre) as well as the 
good electron transfer properties of the SWCNTs and encouraged by the presence of 
the amide bridge. The bridge facilitates the easy flow of electrons to and from the 
linked CoMCPc molecule. Improved electron transfer kinetics is also a result of the 
nanostructured sizes of the conjugates which enables them to provide a larger 
surface area for the transfer of electrons, also monosubstituted as for CoMAPc.  
 
4.9 Conclusion 
Cyclic voltammetry showed the differences in behaviour of the modified 
electrodes in pH 4 buffer solutions. By monitoring peak behaviours with changes in 
scan rate, the electrode surface coverages of the modifiers were calculated. Through 
the use of the Fe(CN)63-/4- redox probe, the different electron transfer abilities of the 
modified electrodes were observed. CoTCPc (8) and CoMCPc (10) showed very poor 
electron transfer properties, as evidenced by their large ∆Ep values. The Fe(CN)63-/4-  
redox probe was also used to obtain the surface areas and surface roughness factors 
for the modified electrodes. The presence of SWCNTs in conjugates caused 
broadening of peaks.  
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CHAPTER 5 
 
ELECTROCATALYSIS  
 
 
 
 
This chapter deals with the electrochemical behaviours of the MPcs, 
SWCNTs, MPc/SWCNT(mix) and MPc-SWCNT(linked) modified 
electrodes towards 2-ME, amitrole and diuron. 
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Preamble 
CoTAPc-SWCNT(linked) and FeTAPc-SWCNT(linked) were employed as 
modifiers for all analytes, thus allowing for the study of the effect of the central 
metal on catalysis and for comparison of all analytes on one electrode. Since the 
analysis of 2-ME on CoPc modified electrodes is well documented, it was not 
studied further with the rest of the electrodes containing CoPc derivatives (i.e. 
CoTCPc, CoMAPc and CoMCPc). However it was studied on NiTAPc-
SWCNT(linked), since 2-ME has never been studied on NiPc derivatives. Poly-
Ni(OH)TAPc was used as a modifier without SWCNTs on diuron only, with the aim 
of testing the role of the Ni-O-Ni bridges on an analyte which is quite different from 
what it has been employed for before (mainly phenols and 2-ME). 
  Cyclic voltammetry (CV) was employed on all the electrodes used in this 
study, while chronoamperometry (CA) was used on all electrodes except for the 
CoTAPc-SWCNT(linked). CV was employed for Tafel slopes and electron transfer 
coefficient (α) and in some cases these parameters were obtained from RDE for 
comparison. RDE was also employed for rate constants (k) for comparison with 
results from CA in some cases. CA was also used in the determination of diffusion 
coefficients (D, for amitrole and diuron only) and limits of detection for the analytes. 
In some cases electrochemical impedance spectroscopy (EIS) was employed to 
determine the efficiency of charge transfer on electrode surfaces in the presence of an 
analyte. 
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Table 5.1: Electrodes employed for analyses 
Electrode Amitrole Diuron 2-ME  
Poly-NiTAPc NO YES NO 
Poly-Ni(OH)TAPc NO YES NO 
CoTAPc-SWCNT(linked) YES YES YES 
FeTAPc-SWCNT(linked) YES YES YES 
NiTAPc-SWCNT(linked) NO YES YES 
CoTCPc-PA-SWCNT(linked) YES YES NO 
CoTCPc-EA-SWCNT(linked) YES YES NO 
CoMAPc-SWCNT(linked) YES YES NO 
CoMCPc-PA-SWCNT(linked) YES YES NO 
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Table 5.2: Parameters for amitrole, diuron and 2-ME on different electrodes 
 
 
Complex 
Analyte 
 
 
 
Ep/V 
vs. 
Ag| 
AgCl 
 
 
Tafel 
slope 
 
 
α 
 
 
k/M-1 s-1 
 
 
LOD 
/µM 
 
 
Sensit
ivity/
A 
mol-1 
L cm-2 
 
Stability 
(as % 
drop 
from 
cycle 1 
to 2) 
Poly-NiTAPc Diuron 
 
1.14 - - - - - 36 
 
Poly-Ni(OH)TAPc Diuron 
 
1.08 192 0.69 5.91 x 102 0.33 12.90 6 
 
CoTAPc-SWCNT(linked) Amitrole 
  
0.98 174 0.66 2.50 x 104 0.12 0.78 20 
 
FeTAPc-SWCNT(linked) 
Amitrole 
  
0.88 
 
243 
 
0.76 
 
4.55 x 103 
(5.41 x 103) 
0.22 
 
9.30 
 
8 
 
Diuron 0.92 199 0.70 1.79 x 104 
(4.38 x 104) 
0.26 9.40 6  
 
 
CoTCPc-PA-SWCNT 
(linked) 
 
Amitrole 
  
0.82 
 
197 
(183) 
0.70 
(0.68) 
3.58 x 103 
 
0.14 
 
0.51 
 
44 
 
Diuron  0.87 166 0.65 4.40 x 103 0.18 0.42 46 
 
CoTCPc-EA-SWCNT 
(linked) 
 
Amitrole 
  
0.83 
 
237 
(238) 
0.75 
(0.75) 
1.20 x 103 
 
0.10 
 
0.75 
 
10 
 
Diuron  0.85 226 0.74 5.88 x 104 0.16 0.82 9 
 
CoMAPc-SWCNT(linked) 
 
Amitrole 
  
0.78 
 
230 
(239) 
0.74 
(0.75) 
1.09 x 105 
(1.62 x 105) 
0.10 
 
6.76 
 
21 
 
Diuron 0.82 237 
(228) 
0.75 
(0.74) 
1.43 x 105 
(2.11 x 105) 
0.13 5.63 25 
 
CoMCPc-PA-SWCNT 
(linked) 
 
Amitrole 
  
0.79 
 
200 
 
0.71 
 
1.83 x 106 
 
0.14 
 
5.10 
 
18 
 
Diuron 0.85 180 0.67 1.99 x 106 0.20 3.70 37 
CoTAPc-SWCNT(linked) 2-ME 0.60 37 
(43) 
0.40 
(0.63) 
3.80 x 103 0.12 2.82 6 
         
FeTAPc-SWCNT(linked) 
 
2-ME 0.95 93 0.37 3.28 x 103 0.11 2.12 12 
 
NiTAPc-SWCNT(linked) 
 
2-ME 0.95 86 0.31 2.95 x 103 
(2.06 x 103) 
0.15 2.53 15 
values in bold obtained from RDE studies 
 
 
 
 
  Results and Discussion 
160 
 
5.1 Poly-Ni(OH)TAPc and poly-NiTAPc  
5.1.1 CV studies 
 Table 5.1 shows that these electrodes were used only for diuron. CV and CA 
were employed for this study. Figure 5.1 compares cyclic voltammograms of 1 x 10-3 
M diuron (in pH 4 acetate buffer) on (a) the bare GCE, (b) poly–NiTAPc-GCE and (c) 
poly–Ni(OH)TAPc-GCE. Electro-catalysis is evidenced by a lowering of potential and 
increase in currents. A large increase in current is observed on poly–Ni(OH)TAPc-
GCE compared to the bare GCE and the poly-NiTAPc-GCE. In turn poly-NiTAPc-
GCE shows higher currents compared to bare GCE, Fig. 5.1a. The oxidation potential 
of diuron on poly-Ni(OH)TAPc-GCE  occurred at 1.08 V relative to 1.14 V (Table 5.2) 
on the  poly–NiTAPc-GCE,  an over-potential difference of 60 mV. The bare GCE had 
lower currents for diuron detection, but at about the same potential as poly-
Ni(OH)TAPc, Fig. 5.1.  Thus in terms of catalytic currents the trend for the oxidation 
of diuron is as follows: poly–Ni(OH)TAPc-GCE > poly–NiTAPc-GCE > bare GCE. In 
terms of potential the order is: poly–Ni(OH)TAPc-GCE ~ bare GCE < poly–NiTAPc-
GCE.  However, the onset of the diuron peak on poly–Ni(OH)TAPc-GCE occurs at a 
lower potential (Fig. 5.1) compared to bare GCE and poly–NiTAPc-GCE, confirming 
to effectiveness of the former for diuron oxidation. 
Peak I (0.5 V) on the poly–NiTAPc-GCE, Fig. 5.1 (see also Fig. 4.5c), is due to redox 
processes on the Pc ring. Peak III for poly-Ni(OH)TAPc is due to  NiIIITAPc 
reduction process as observed in other studies [79]. The absence of the anodic peak 
of the NiIII/NiII processes for poly-Ni(OH)TAPc on the forward scan suggests that 
the formed NiIII species are involved in the initial oxidation of diuron. The fact that 
there is a return peak (cathodic) for detection shows that diuron is incapable of 
reducing the entire NiIII species [236] or diuron could be reversibly bound to the NiIII 
metal centre during the first scan. Oxidation of diuron (peak II in Fig. 5.1) occurs at 
the same potential as the first ring oxidation (process III in Fig. 4.6b), indicating that 
it is the NiIII(OH)TAPc-1 species that are involved in the catalytic oxidation of diuron. 
Having established the superiority of the poly-Ni(OH)TAPc, it was employed for the 
rest of the studies in this section. 
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Figure 5.1: Cyclic voltammograms of (a) bare GCE, (b) poly-NiTAPc-GCE, and (c) 
poly-Ni(OH)TAPc-GCE  in 1 x 10-3 M diuron (pH 4 acetate buffer). Scan rate = 100 
mV/s. 
 
Figure 5.2 shows the effect of continuous scanning on the cyclic 
voltammograms for the detection of diuron (only scans 1, 2, 5 and 15 are shown) on 
poly–Ni(OH)TAPc-GCE. While there is no anodic peak for the NiIII/NiII couple 
during the first scan, for the reasons provided above, the anodic peak appears on 
second scan and increases with scan number and stabilizes after cycle 15. The 
cathodic peak also increases with scan number, but stabilizes after scan number 2. 
The appearance of the NiIII/NiII process suggests that this process does not catalyze 
the oxidation of the products obtained on oxidizing diuron.  The cathode component 
is therefore not much affected by continuous scanning, an observation noted by 
Berrios et al [302] in their studies with chlorophenols. A new peak is formed at -0.6 V 
due to the reduction of the oxidation products of diuron. Peak B is due to the 
oxidation of diuron. The intensity of this peak decreases with the increase in the 
number of scans, an indication of the passivation of the electrode surface by the 
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diuron oxidation products. There is also an appearance of a new peak, A‟, in Fig. 5.2 
which is not present during the first scan. This peak is thus associated with the 
oxidation of diuron oxidation products formed during the first scan. Peak D is in the 
region of NiII/NiI reduction process and it increases during the first scan, and 
thereafter decreases. Peak E represent the first ring reduction (NiIPc-2/ NiIPc-3) and it 
increases with the number of scans.  
 
Figure 5.2: Cycles 1, 2, 5 and 15 showing the peak behaviour of poly–Ni(OH)TAPc-
GCE in 1 x 10-3 M diuron (in pH 4 buffer). Scan rate = 100 mV/s. 
 
5.1.2 pH effects 
pH influenced the determination of diuron on GCE and on the modified  
electrodes. There was a shift in peak potentials to negative values with increase in 
pH, for process II (in Fig. 5.1c) as shown in Fig. 5.3. The slope of the plot in Fig. 5.3 is 
58.6 mV/pH, indicating a transfer of one electron per proton. Scheme 5.1 represents 
the proposed one:one electron-proton process [265] leading to the formation of the 
dimer. The highest oxidation currents were also observed at pH 4, hence this pH was 
employed for all studies.  
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Figure 5.3: Plot of peak potential against pH for the detection of 0.1 x 10-3 M 
diuron on poly-Ni(OH)TAPc-GCE.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 5.1: Mechanism for the electrocatalysis of diuron on poly-Ni(OH)TAPc-
GCE. 
 
5.1.3 Stability  
Figure 5.4 shows the change in the peak current of diuron with increase in the 
number of scans. The currents for poly–Ni(OH)TAPc-GCE stabilized at 23% of the 
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initial current while poly–NiTAPc-GCE  and bare GCE stabilized at 52% and  63% of 
their initial currents, respectively. The drop from the first scan to the second scan 
was 6%, 36% and 43% for poly–Ni(OH)TAPc-GCE, poly–NiTAPc-GCE  (Table 5.2) 
and the bare GCE, respectively, an indication that poly–Ni(OH)TAPc-GCE is more 
resistant to passivation due to oxidation products. However, the electrode is easily 
regenerated completely by rinsing in methanol and continuous cyclisation (using 
cyclic voltammetry) in pH 4 acetate buffer. The presence of л-л interactions between 
poly-Ni(OH)TAPc and the GCE increases the stability of the electrode. Under 
continual use, the electrode is stable for up to a period of 3 months if stored in pH 4 
acetate buffer. 
 
 
 
Figure 5.4: Plot of the change in peak current, Ip, versus cycle number for (a) bare 
GCE, (b) poly-NiTAPc-GCE and (c) poly-Ni(OH)TAPc-GCE in 80 µM diuron in 
pH 4 buffer.  Scan rate = 100 mV/s. 
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5.1.4 Tafel slopes 
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Figure 5.5: Plot of (a) peak potential versus log v, (b) peak current versus square 
root of sweep rate and (c) sweep rate normalized current versus sweep rate, for 1 x 
10-3 M diuron in pH 4 buffer. 
 
Figure 5.5a shows that the peak potentials increased with scan rate (log ν), 
thus indicating the chemical irreversibility of the diuron electro-catalytic oxidation 
process.  The Tafel slope for an irreversible diffusion controlled catalytic process was 
obtained using Eq. 5.1 [245]. 
𝐸𝑝 =
2.303𝑅𝑇
2(1−𝛼)𝑛𝛼𝐹
log 𝑣 + 𝐾                                                                                                     (5.1) 
where „α’ is the transfer coefficient, nα is the number of electrons involved in the rate 
determining step, v is the scan rate, K is a constant, T is temperature and R is the gas 
constant. From the plot of Ep versus log v, a Tafel slope of 192 mV/decade was 
obtained. Tafel slopes this high have no kinetic meaning but could indicate a 
passivation phenomena occurring on the electrode surface. Tafel slopes much 
greater (> 240 mV/decade) than the normal 30-120 mV/decade are known [97, 
257,303,304] and have been related either to chemical reactions coupled to 
electrochemical steps [97] or to substrate-catalyst interactions in a reaction 
intermediate [257,303,304]. Using the slope of the plot of Ep versus log v the value of 
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„α‟ was estimated to be 0.69, though this value is not too reliable due to the high 
Tafel slope. Figure 5.5b shows a linear relationship between the peak current and 
square root of the scan rate, indicating that the diuron electro-catalytic oxidation is 
diffusion controlled. A plot of sweep-rate normalized current density (Ipν-1/2) versus 
the sweep rate (Fig. 5.5c), exhibited a typical shape indicative of a catalytic process 
with an electrochemical reaction preceding a chemical reaction [305].  
 
5.1.5 Chronoamperometric studies 
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Figure 5.6: (a) Chronoamperograms for the various concentrations of diuron in pH 
4 acetate buffer on the poly–Ni(OH)TAPc-GCE; (i) pH 4 buffer only; diuron 
concentrations: (ii) 1.4 x 10-4 M, (iii) 1.5 x 10-4 M, (iv) 1.6 x 10-4 M, (v) 1.7 x 10-4 M 
and (vi) 1.8 x 10-4 M. (b) Plot of Icat/Ibuf versus t1/2 for the catalytic oxidation of 
diuron on poly–Ni(OH)TAPc-GCE, (c) Cottrell plots of diuron at different 
concentrations shown on the plot, (d) Cottrell slopes versus diuron concentrations 
and (e) Current-concentration plot. Potential = 1.2 V. 
 
Figure 5.6a shows single step chronoamperometric evolutions recorded after 
polarization of the poly–Ni(OH)TAPc-GCE at 1.2 V in different concentrations of 
diuron (in pH 4 acetate buffer). Chronoamperometry was used for the determination 
of the catalytic rate constant at intermediate times (the decreasing part of the curve; t 
= 0.1 – 1 s). The catalytic current, Icat, is dominated by the oxidation of diuron. The 
rate constant (k) for reaction between diuron and redox sites of the surface-
immobilized poly-Ni(OH)TAPc is determined according to Eq. 5.2 [247]: 
𝐼𝑐𝑎𝑡
𝐼𝑏𝑢𝑓
= 𝛾1/2[𝜋
1
2 erf  𝛾
1
2 +
exp  −𝛾 
𝛾
1
2
]                                                                                       (5.2) 
γ = kCot (C0 is the bulk concentration of diuron) and erf(½) is the argument of the 
error function. In cases where γ exceeds 2, [247] the error function is almost equal to 
1 and Eq. 5.2 reduces to Eq. 5.3: 
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𝐼𝑐𝑎𝑡
𝐼𝑏𝑢𝑓
= 𝛾1/2𝜋1/2 = 𝜋1/2(𝑘𝐶𝑡)1/2                                                                                          (5.3) 
where Icat and Ibuf are currents in the presence and absence of diuron, k is the catalytic 
rate constant (M-1 s-1), Co is the bulk concentration of diuron (1.4 x 10-4 M) and t is the 
elapsed time in seconds. From the slope of Icat/Ibuf versus t1/2 plot (Fig. 5.6b) for 1.4 x 
10-4 M diuron, the value of k was found to be 5.91 x 102 M-1 s-1, Table 5.2. 
Unfortunately no information could be obtained from the literature on the catalytic 
rate constants for the electrochemical oxidation of diuron or other phenyl-ureas for 
comparison. 
The diffusion coefficient, D, for diuron was determined from Eq. 5.4 [245]:      
𝐼 =
𝑛𝐹𝐴𝐷1/2𝐶0
𝜋1/2𝑡1/2
                                                                                                                         (5.4) 
 
where C0 is the  bulk concentration  of diuron, F is the Faraday‟s constant, A is the 
electrode area, n is the number of electrons and t is the time in seconds. Fig. 5.6c 
shows the Cottrell plots obtained from the chronoamperograms (ii-vi). From the 
slopes of Cottrell plots (Fig. 5.6c) for different concentrations of diuron, Fig. 5.6d was 
obtained, giving an estimated value of D of 6.43 x 10-6 cm2 s-1.  Again no information 
could be obtained from the literature on the catalytic rate constants for the 
electrochemical oxidation of diuron or other related compounds. 
Fig. 5.6e shows a linear plot of current versus the concentration of diuron obtained 
using chronoamperometry studies. The electrode gave sensitivity of 12.90 A mol-1 L 
cm-2 (R2 = 0.9974) and a limit of detection (LOD) of 3.3 x 10-7 M (Table 5.2) using the 
3/slope ratio notation (where  is the standard deviation of the plot). An LOD of 
6.59 x 10-6 M has been reported for diuron using capillary electrophoresis and 
electrochemical detection [306]. A LOD of 4.7 x 10-6 M and 4.0 x 10-6 M has been 
observed for diuron using capillary electrophoresis coupled with UV and electro-
chemical detectors, respectively [307]. Thus, the method reported in this thesis using 
poly-Ni(OH)TAPc gives a favorable LOD compared to literature, hence confirming 
the sensitivity of poly–Ni(OH)TAPc-GCE towards the detection of diuron. 
The suitability of the developed electrode for electrochemical detection of 
diuron was done in real samples by confirming known concentrations of the 
herbicide in tap water and in agricultural soil using chronoamperometry. Overall 
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average recoveries of 99 ± 0.1 % of the spikes were observed for the water and soil 
samples. This demonstrated the suitability of the developed method. The 
repeatability expressed as the relative standard deviation (RSD) was ± 0.102% for tap 
water and ± 0.105% for soil for the ten samples. The obtained data show the accuracy 
and precision of the developed method. The electrode showed the same stability as 
was observed above for the standard diuron detection and the electrode could be 
renewed similarly. 
 
5.2 FeTAPc-SWCNT(linked)  
As stated above (Table 5.1), this electrode was employed for amitrole, diuron and 2-
ME, but only amitrole and diuron will be discussed for this electrode. 2-ME will be 
discussed on CoTAPc-SWCNT(linked) electrode which was also employed for all 
analytes. CV, CA and RDE were employed in this section. Also note that the CV and 
CA plots for Tafel and α are the same as for section 5.1, except for differences in 
current and will not be repeated for each section.  
 
5.2.1 Cyclic voltammetry  
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Figure 5.7: Cyclic voltammograms of (A) 0.1 mM amitrole and (B) 0.1 M diuron on 
bare GCE (a), SWCNT-COOH-GCE (b), poly-FeTAPc-GCE (c), FeTAPc/SWCNT-
COOH(mix)-GCE (d) and FeTAPc-SWCNT(linked)-GCE (e). (C) Cyclic 
voltammograms of (i) 0.1 mM amitrole, (ii) 0.1 M diuron and (iii) 1:1 mixture of 
amitrole to diuron (0.1 mM for both) on FeTAPc-SWCNT(linked)-GCE. pH 4 
buffer. Scan rate = 100 mV/s. 
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Figure 5.7A shows the typical voltammograms for the oxidation of amitrole 
on the various electrodes. Although the rising part for the oxidation of amitrole on 
the bare GCE (a) is almost at the same potential as that of FeTAPc-SWCNT(linked)-
GCE, there is enhancement in the anodic peak current in the latter, showing its 
catalytic behaviour. Also compared with the rest of the electrodes, FeTAPc-
SWCNT(linked)–GCE (e) showed larger currents for amitrole oxidation. However, 
the enhancement of currents could be affected by surface coverage, hence it is more 
reliable to use overpotential lowering in comparing the effectiveness of the 
electrodes. The order in terms of lowering the oxidation overpotentials for amitrole 
oxidation is as follows: FeTAPc-SWCNT(linked)-GCE (e) ~ bare GCE (a) > 
FeTAPc/SWCNT-COOH(mix)-GCE (d) ~ poly-FeTAPc- GCE (c) > SWCNT-COOH-
GCE (b). In all cases no corresponding cathodic peak was observed, an indication of 
the irreversibility of the process. The oxidation potential of amitrole is clearly within 
the oxidation range of FeIIIPc-1/FeIIIPc-2 process, indicating that the FeIIIPc-1 species is 
involved in catalysis.      
 Fig. 5.7B shows the typical voltammograms for the oxidation of diuron on the 
various electrodes. The oxidation of diuron on the bare GCE (a) occurs at a potential 
which is 40 mV more positive than its oxidation on the FeTAPc-SWCNT(linked)-
GCE (e). This shows clear catalytic behaviour of the linked when compared to the 
bare GCE. Also compared with the rest of the electrodes, FeTAPc-SWCNT(linked)–
GCE showed larger currents for diuron oxidation. The order in terms of lowering 
diuron oxidation overpotentials is as follows: FeTAPc-SWCNT(linked)-GCE (e) ~ 
SWCNT-COOH-GCE (b) > poly-FeTAPc-GCE (c) > bare GCE (a) > FeTAPc/SWCNT-
COOH(mix)-GCE (d).  Thus the catalytic activity of FeTAPc is enhanced in the 
presence of linked SWCNTs. Again in all cases no corresponding cathodic peak was 
observed, an indication of the irreversibility of the process. The oxidation potential 
of diuron is also clearly within the oxidation range of FeIIIPc-1/FeIIIPc-2 process, 
indicating that the FeIIIPc-1 species is involved in catalysis.      
 Comparing with poly-Ni(OH)TAPc (1.08 V), diuron is oxidized at a lower 
potential on FeTAPc-SWCNT (0.92 V), hence showing that the latter to be a better 
electrode, probably because of SWCNTs and the nature of the central metal.  
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5.2.2 Interference studies     
 Fig. 5.7C compares the oxidation peak behaviours of amitrole and diuron on 
FeTAPc-SWCNT(linked)-GCE surface. Oxidation of diuron occurs at potentials 30 
mV more positive than that of amitrole, indicating the difficulty of oxidation of the 
former.  Since diuron and amitrole may be used simultaneously in agriculture, the 
interference of each other during analysis is of importance. Hence Fig. 5.7C shows 
the voltammogram of a 1:1 mixture of these two herbicides. The peak for the 1:1 
mixture of amitrole:diuron is broad, with the oxidation potential which is more 
positive than the individual oxidation potentials of amitrole and diuron, an 
indication that the two analytes interfere with each other.  
The interference of diuron on the detection of amitrole was further 
investigated using the mixed solution method [248]. The value of Kamp (where Kamp is 
the amperometric selectivity coefficient) was determined from Eq. 5.5 (using 10-4 M 
diuron as an interferent and 5 x 10-5 M amitrole): 
𝐾𝑎𝑚𝑝 = (
∆𝐼𝑚𝑖𝑥𝑡𝑢𝑟𝑒
∆𝐼𝑎𝑛𝑎𝑙𝑦𝑡𝑒
− 1)
[𝑎𝑛𝑎𝑙𝑦𝑡𝑒 ]
[𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑡 ]
                                                                                      (5.5) 
where Imixture and Iamitrole are respectively, the changes in current for the mixture 
containing amitrole and diuron, and amitrole alone.  A Kamp value of less than 10-3 
indicates non-interference while one which falls within the order of 10-3 suggests that 
the species is an interferent but not a strong one.   The Kamp values of (3.3±0.13) x 10-1 
was obtained, indicating that diuron is a very strong interferent, thus the electrode 
cannot be used for the detection of both amitrole and diuron in solution. 
 
5.2.3 Electrode stability  
          Fig. 5.8a shows a 30 cycle continuous scan voltammogram for FeTAPc-SWCNT 
(linked)-GCE in 0.1 mM amitrole. There is a drop of 8 % in peak current from cycle 1 
to 2 and an overall drop of 39% after 30 cycles, following which, there was 
stabilization of the currents.   The drop in peak currents is an indication of the 
passivating nature of amitrole. All electrodes were tested for stability towards 
amitrole (using current drop from scan 1 to 2) and the order was as follows: FeTAPc-
SWCNT(linked)-GCE (8%, Table 5.2) > FeTAPc/SWCNT-COOH(mix)-GCE (12%) > 
poly-FeTAPc-GCE (15%) > SWCNT-COOH-GCE (16%) > bare GCE (21%).  A 6% 
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drop in current drop from scan 1 to 2 was observed for diuron. Thus it seems the 
presence of FeTAPc and SWCNT improves electrode stability. Successful 
regeneration of FeTAPc-SWCNT(linked)-GCE (Fig. 5.8b) was done by shaking the 
electrode in methanol and scanning in pH 4 buffer solution. The electrode showed 
little or no leaching because of the dual combination of strong л-л interactions 
between the GCE and the FeTAPc and SWCNT components of the conjugate.  The 
stability of poly-Ni(OH)TAPc is similar to that of FeTAPc-SWCNT(linked) as shown 
by the % current drops from scan 1 to 2 (Table 5.2).  
 
                                     
            
 
 
Figure 5.8: (a) Continuous cyclic voltammograms (30) for FeTAPc-SWCNT 
(linked)-GCE in 0.1 mM amitrole, pH 4 buffer. (b) Regeneration of the FeTAPc-
SWCNT(linked)-GCE. (i) 1st scan  in 0.1 mM amitrole, (ii) scan after 30 cycles and 
then rinsing in pH 4 buffer. Scan rate = 100 mV/s. 
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5.2.4: Tafel slopes 
 A linear relationship between the peak currents and square roots of the scan rate 
(plots similar to Fig. 5.5b) indicate that the amitrole and diuron electro-catalytic 
oxidations are diffusion controlled. 
    Using Eq. 5.1 and a plot of Ep versus log ν, Tafel slopes of 199 and 243 mV/decade 
(Table 5.2) were obtained for diuron and amitrole, respectively. As stated above 
Tafel slopes this high have no kinetic meaning but could indicate a passivation 
phenomena occurring on the electrode surface. Tafel slopes much greater  than the 
normal 30-120 mV/decade have been related either to chemical reactions coupled to 
electrochemical steps [97] or  to substrate-catalyst interactions in a reaction 
intermediate [257,303,304], therefore these could still indicate one electron transfer in 
the  rate-determining step [257,308,309]. There is more interaction between amitrole 
(243 mV/decade) and FeTAPc-SWCNT(linked) than with diuron (199 mV/decade). 
The extent of interaction of FeTAPc-SWCNT(linked) with diuron is similar to that 
observed on poly-Ni(OH)TAPc (192 mV/decade).  
From the slopes of the plots of Ep versus log v (similar to Fig. 5.5a), the α 
values for diuron and amitrole were estimated to be 0.70 and 0.76, respectively, 
indicating higher probability of the activated complex being converted to the 
product on the reaction coordinate. The electrocatalysis of both amitrole and diuron 
was found to be first order from a plot of log I versus log [concentration] (Fig. 5.9), 
implying that one analyte molecule interacts with one molecule of FeTAPc-
SWCNT(linked).  
Using the above arguments, Eqs. 5.6-5.8 represents the proposed mechanism for both 
amitrole and diuron. 
-e-
(5.7)
(5.8)
[Fe(III)TAPc-1]+2 [Fe(III)TAPc-2]+1 
Fe(II)TAPc-2  + amitrole/diuron oxidation products
-e-
[Fe(III)TAPc-2]+1 Fe(II)TAPc-2 (5.6)
[Fe(III)TAPc-1]+2  + amitrole/diuron 
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Figure 5.9: Plot of log Ip versus log [concentration] for the oxidation of amitrole 
and diuron on FeTAPc-SWCNT(linked)-GCE. 
 
5.2.5 Chronoamperometric studies 
Chronoamperometry was used in the evaluation of the catalytic rate 
constants. The chronoamperograms (obtained on linked polarized at 1.0 V) for both 
amitrole and diuron are similar to Fig. 5.6a except for the differences in current, 
hence not shown again. From the plots of Eq. 5.3 (Icat/Ibuf versus t1/2) similar to Fig. 
5.6b, the values of k for amitrole and diuron (where C0 = 0.09 mM), were found to be 
4.55 x 103 M-1s-1 and 1.79 x 104 M-1s-1, Table 5.2, respectively.  Unfortunately there is 
no information that could be obtained from the literature on the rate constants for 
the electrochemical oxidation of amitrole and diuron. However, the large rate 
constant for diuron (1.79 x 104 M-1s-1, Table 5.2) compared to 1.60 × 102 M−1 s−1 for the 
oxidation of asulum (also a carbamate [310]) on CoPc/MWCNT [75], indicates that 
the electrochemical oxidation diuron on FeTAPc-SWCNT(linked)-GCE is very fast. 
Comparing rate constants (k) for diuron on FeTAPc-SWCNT(linked) with poly-
Ni(OH)TAPc shows that k is larger for the former, indicating a fast reaction on this 
electrode. 
The diffusion coefficient, D, for amitrole was determined using Eq. 5.4. From the 
slope of the Cottrell plots (I versus t−1/2, similar to Fig. 5.6c) and slopes of the Cottrell 
plots versus concentration (similar to Fig. 5.6d) the D value of amitrole was 
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estimated to be 1.91 x 10-4 cm2 s-1. Once again there is no literature to which to we can 
compare this D value.  
  Chronoamperometric studies were done in the linear concentration ranges of 
6.3 x 10-5 to 1.0 x 10-4 M and 5.0 x 10-5 to 1.0 x 10-4 M for amitrole and diuron, 
respectively. Sensitivities of 9.30 A mol-1 L cm-2 and 9.40 A mol-1 L cm-2 and limits of 
detection of 2.2 x 10-7 M and 2.6 x 10-7 M were obtained for amitrole and diuron, 
respectively (using the 3δ notation). The LOD of amitrole is lower than 0.6 µM 
obtained from literature [311]. Limits of detection of 4.7 µM and 4.0 µM have been 
observed for diuron using capillary electrophoresis and electro-chemical detectors, 
respectively [307]. This is also lower than what was observed on poly-Ni(OH)TAPc-
GCE, indicating that FeTAPc-SWCNT(linked) is a better electrode for the detection 
of diuron. 
 
5.2.6 RDE experiments 
 
 
 
Figure 5.10:  Hydrodynamic voltammograms (rotating disk electrode) obtained on 
FeTAPc-SWCNT(linked)-GCE in 1 mM amitrole (pH 4 acetate buffer). Scan rate = 
20 mVs-1. Inset: Koutecky-Levich plot for 1 mM amitrole. 
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Fig. 5.10 shows the typical RDE responses for amitrole on the FeTAPc-
SWCNT(linked)-GCE scanned from 0.0 to 1.2 V at 50, 100, 200, 400, 400, 800, 1000, 
1200 and 1400 rpm with a scan rate of 20 mV s-1. Current responses increased with 
rotational speed, showing that the oxidation process is kinetically controlled.                 
The Koutecky-Levich (Eq. 5.9) relationship is applicable when the mass transfer 
processes and the catalytic reactions become dominant [245,247] and is used for 
kinetic analysis. 
1
 𝐼𝑙𝑖𝑚
=
1
𝑛𝐹𝐴𝐶𝑜𝑘𝛤
+
1
0.62𝑛𝐹𝐴𝐷2/3𝜐−1/6𝐶0𝜔1/2
                                                                                (5.9) 
where n, A, Co, k, Г, D, 𝜔 and v are the number of electrons involved, the electrode 
area (cm-2), the substrate concentration (1 x 10-3 M), the catalytic rate constant (M-1 s-
1), the surface coverage (mol cm-2), the diffusion coefficient (cm2 s-1), the rotational 
speed and kinematic viscosity (cm2 s-1), respectively. The linearity of 1/Ilim versus 
1/ω1/2 (Koutecky-Levich plot, Fig. 5.10 inset), implies that the electrocatalytic 
reaction is faster than the rate of substrate delivery to the electrode surface, so the 
current is determined by the rate of substrate movement to the modified electrode 
surface [312]. The values of the rate constants (k) for the catalytic reactions obtained 
from the intercepts of the Koutecky-Levich plots were found to be 5.41 x 103 M-1 s-1  
and 4.38 x 104 M-1 s-1 for amitrole and diuron, Table 5.2, respectively. These values 
are of the same order of magnitude as those calculated from chronoamperometric 
studies.  
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5.3 CoTCPc-EA-SWCNT(linked)  
This electrode was employed for amitrole and diuron as shown in Table 5.1. CV, CA, 
RDE and EIS were employed in this study. 
5.3.1 Cyclic voltammetry 
 
             
 
Figure 5.11: Comparative cyclic voltammograms in 0.1 mM amitrole (pH 4 buffer) 
(a) bare GCE, (b) CoTCPc-EA-SWCNT(linked)-GCE, (c) CoTCPc/EA-
SWCNT(mix)-GCE, (d) EA-SWCNT-GCE  and (e) CoTCPc-GCE. Scan rate = 100 
mV/s. Inset: The molecular structure of amitrole. 
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Figure 5.12: Comparative cyclic voltammograms in 0.16 mM diuron (pH 4 buffer) 
(a) bare GCE, (b) CoTCPc-EA-SWCNT(linked)-GCE, (c) CoTCPc/EA-
SWCNT(mix)-GCE, (d) EA-SWCNT-GCE  and (e) CoTCPc-GCE. Scan rate = 100 
mV/s. Inset: The molecular structure of diuron. 
 
Figures 5.11 and 5.12 shows comparative cyclic voltammetric responses for 
bare GCE (a), CoTCPc-EA-SWCNT(linked)-GCE (b), CoTCPc/ EA-SWCNT(mix)-
GCE (c), EA-SWCNT-GCE (d) and CoTCPc-GCE (e) in 0.1 mM amitrole and 0.16 mM 
diuron, respectively (pH 4 buffer). The observed peaks in the region 0.8 – 1.0 V are 
due to the oxidation of amitrole and diuron as observed in other studies 
[78,306,307,311]. The oxidation potentials for amitrole at 0.92 V, 0.83 V (Table 5.2), 
0.87 V, 0.97 V and 0.95 V (versus Ag|AgCl) are for the bare GCE, CoTCPc-EA-
SWCNT(linked)-GCE, CoTCPc/EA-SWCNT(mix)-GCE, EA-SWCNT-GCE and 
CoTCPc-GCE, respectively. The CoTCPc-EA-SWCNT(linked)-GCE (Figs. 5.11b and 
5.12b), shows higher oxidation currents at reduced oxidation overpotentials 
compared to other modified electrodes, a confirmation of better catalytic properties.  
Oxidation of diuron occurred at 0.85 V (Table 5.2) on CoTCPc-EA-SWCNT(linked)-
GCE, compared to 0.94 V,  0.90 V, 0.88 V and 0.94 V (versus Ag|AgCl) for the bare 
0 0.3 0.6 0.9 1.2 1.5
E/V vs. Ag|AgCl
10 µA
a
b
c
d
e
  Results and Discussion 
182 
 
GCE, CoTCPc/EA-SWCNT(mix)-GCE, EA-SWCNT-GCE and CoTCPc-GCE, 
respectively. CoTCPc-GCE is not catalytic for both amitrole (Fig. 5.11e) and diuron 
(Fig. 5.12e), possibly due to the presence of the electron withdrawing carboxy groups 
which makes the oxidation of the cobalt centre more difficult, rendering it ineffectice 
as a catalyst. EA-SWCNT-GCE is not catalytic towards amitrole (Fig. 5.11d). The 
oxidations of amitrole and diuron occurs at potentials for the CoIIIPc-1 process hence 
is catalysed by this process. Having confirmed the superiority of CoTCPc-EA-
SWCNT electrode over the other electrodes, it was used in the further 
characterization of amitrole and diuron. 
Oxidation of diuron and amitrole on CoTCPc-EA-SWCNT(linked)-GCE 
occurs at lower potentials (0.85 and 0.83 V, respectively) compared to oxidation on  
FeTAPc-SWCNT(linked) (0.92 and 0.88 V, respectively), showing the effects of Co as 
a central metal compared to Fe. However the effects of EA could also contribute to 
the ease of oxidation of the Co metal centre leading to the better catalysis of CoTCPc-
EA-SWCNT(linked).  
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5.3.2 Electrode stabilities  
               
Figure 5.13: (a) Continuous cyclic voltammograms (30) for CoTCPc-EA-
SWCNT(linked)-GCE in 0.1 mM amitrole, pH 4 buffer. (b) Regeneration of the 
CoTCPc-EA-SWCNT(linked)-GCE, (i, red line) 1st scan in 0.1 mM amitrole, (ii, 
black line) and (iii, blue line) scans after 30 cycles and then rinsing in methanol 
and scanning in pH 4 buffer. Scan rate = 100 mV/s. 
 
Figure 5.13a shows 30 cycle continuous scan voltammograms for CoTCPc-EA-
SWCNT(linked)-GCE in 0.1 mM amitrole. A drop of 10% in peak current from cycle 
 
                             
(a) 
0.5                 0.7                 0.9                  1.1 
E/V vs. Ag|AgCl 
2 µA 
                         
0.3 0.6 0.9 1.2
2 µA
E/V vs. Ag|AgCl
(i)
(ii)
(iii)
(b)
 
(b) 
  Results and Discussion 
184 
 
1 to 2 and an overall drop of 25% after 30 cycles, followed by the stabilization of the 
currents were observed with amitrole. The extent to which peak currents drop is an 
indication of the fouling capability of amitrole and the resistance to passivation of 
the CoTCPc-EA-SWCNT(linked)-GCE. All electrodes were tested for stability after 
30 cyclic voltammetry cycles and the order in terms of stability was: CoTCPc-EA-
SWCNT(linked)-GCE (25%) > CoTCPc/EA-SWCNT(mix)-GCE (34%) > EA-SWCNT-
GCE (41%) > CoTCPc-GCE (46%) > bare GCE (51%). It can be reasonably concluded 
that the presence of CoTCPc and SWCNT improves electrode stability. The CoTCPc-
EA-SWCNT(linked)-GCE showed similar stability towards in 0.16 mM diuron (23% 
after 30 cycles and 9 % from scan 1 to 2), showing its high resistance to passivation 
by the oxidation products of the two analytes. Stabilities of other electrodes towards 
diuron (after 30 cycles) were as follows: CoTCPc/EA-SWCNT(mix)-GCE (28%) > 
CoTCPc-GCE (31%) > EA-SWCNT-GCE (33%) > bare GCE (51%).  The CoTCPc-EA-
SWCNT(linked) electrode is more stable towards diuron than amitrole. However, 
the stability of CoTCPc-EA-SWCNT(linked)-GCE towards both amitrole and diuron 
is about the same as that for FeTAPc-SWCNT(linked) as shown in Table 5.2. 
Compared to poly-Ni(OH)TAPc, the CoTCPc-EA-SWCNT(linked) electrode has also 
approximately the same stability towards diuron, as shown in Table 5.2. 
Successful regeneration of CoTCPc-EA-SWCNT(linked)-GCE (Fig. 5.13b) was 
done by shaking the electrode in methanol and scanning in pH 4 buffer solution 
(through cyclic voltammetry) in the potential window 0.0-1.2 V (versus Ag|AgCl). 
Methanol cleans the electrode surface by dissolving away all the amitrole and diuron 
oxidation products while scanning between 0.0-1.2 V in pH 4 buffer is an electrode 
conditioning process which ensures stable background currents. As shown in Fig. 
5.13b, the reproducibility of the voltammograms after shaking in methanol and 
scanning in pH 4 buffer is a confirmation of little or no leaching at all of the catalyst. 
This minimum leaching is due to the dual combination of strong л-л interactions 
between the GCE and the CoTCPc and SWCNT components of CoTCPc-EA-SWCNT 
unit as discussed above for FeTAPc-SWCNT(linked). Under conditions of continual 
use and storage in pH 4 buffer, the electrode can have a life span of more than 2 
months.  
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5.3.3: Tafel slopes 
Fig. 5.14 shows the plot of current versus scan rate for amitrole oxidation on 
CoTCPc-EA-SWCNT(linked)-GCE. Peak I at ~0.3 V is due to CoIII/CoII couple  and it 
is shifted to less positive potential values in the presence of amitrole compared to 
when it is absent (chapter 4, at 0.55V) and becomes more reversible.  The fact that 
this peak is still observed suggests it is not involved in electrocatalysis. Thus it is the 
CoIIIPc-1 which catalyses the oxidation as stated above.  Peak II represent the 
oxidation of amitrole. A plot of scan rate normalized current density (Ipv-1/2) versus 
scan rate confirmed the typical behaviour for a catalytic process. Diuron showed 
similar behaviour to that of amitrole.  Linear relationships were observed in the plots 
of peak currents versus square root of the sweep rates (Fig. 5.14 inset for amitrole), 
showing that the electrocatalytic oxidations of amitrole and diuron are diffusion 
controlled. 
Plot of Ep versus log v (Eq. 5.1) gave Tafel slopes of 237 and 226 mV decade-1 for 
amitrole and diuron, respectively. Again amitrole interacts more with CoTCPc-EA-
SWCNT(linked)-GCE than diuron as observed for FeTAPc-SWCNT(linked)-GCE. As 
already stated, high Tafel slopes have no kinetic meaning but could indicate a 
passivation phenomena occurring on the electrode surface. The α-values for amitrole 
and diuron were 0.75 and 0.74, respectively, Table 5.2. The oxidation of amitrole and 
diuron proceed via a similar mechanism. 
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Figure 5.14: Effect of scan rate on peak potentials and currents (i) 50 mV/s, (ii) 100 
mV/s, (iii) 150 mV/s, (iv) 200 mV/s, (v) 250 mV/s, (vi) 300 mV/s, (vii) 350 mV/s and 
(viii) 400 mV/s on CoTCPc-EA-SWCNT(linked) for amitrole oxidation. [Amitrole] 
= 0.1 mM.  Inset: Plot of peak current versus root of sweep rate. 
 
5.3.4 Chronoamperometric studies 
The CA for amitrole obtained by polarizing the CoTCPc-EA-SWCNT(linked) 
at 0.85 V (versus Ag|AgCl) are similar to those in Fig. 5.6a, except for the currents. 
Using plots similar to Figs. 5.6d and 5.6e the values of k were found to be 1.20 x 103 
and 5.88 x 104 M-1 s-1 for amitrole and diuron, respectively. The k value obtained for 
amitrole less than (but with the same order of magnitude) 4.55 x 103 M−1 s−1 obtained 
on FeTAPc-SWCNT(linked)-GCE. However, the k value for diuron is higher than 
1.79 x 104 M-1 s-1 obtained on FeTAPc-SWCNT(linked), but with the same magnitude. 
These results show that the oxidation of amitrole is faster on FeTAPc-
SWCNT(linked) modified electrode than on CoTCPc-EA-SWCNT(linked)-GCE, 
while the opposite is true for diuron. However, the k value of diuron on poly-
Ni(OH)TAPc (5.91 x 102 M-1 s-1) is the lowest and therefore the large rate constants 
observed for FeTAPc-SWCNT(linked) and CoTCPc-EA-SWCNT(linked) complexes 
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could be attributed to the presence of SWCNTs. Using chronoamperometric 
information, the plot of log I versus log [concentration] showed that electrocatalysis 
of amitrole is first order. This implies that one analyte molecule interacts with one 
molecule of CoTCPc-EA-SWCNT(linked). From the above stated arguments and also 
that the ring is implicated in the catalysis, the proposed mechanism for the catalytic 
oxidation of amitrole is represented by Eqs. 5.10 – 5.12: 
-e-
(5.11)
(5.12)
[Co(III)TCPc-1]+2 [Co(III)TCPc-2]+1 
Co(II)TCPc-2  + amitrole/diuron oxidation products
-e-
[Co(III)TCPc-2]+1 Co(II)TCPc-2 (5.10)
[Co(III)TCPc-1]+2  + Amitrole/diuron 
 
 Eqs. 5.10 and 5.12 are proposed since the oxidation of amitrole and diuron occurs in 
the stability range of the CoIIITCPc-1 species, hence the latter is involved in the 
mediation process. Eq. 5.12 shows the oxidation of amitrole/diuron and 
regeneration of the CoTCPc electrocatalyst. The involvement of two electrons is 
justified since the oxidation of amitrole is known to be a two electron process [257]. 
 
5.3.5 RDE studies 
 
Figure 5.15: RDE evolutions for 160 µM amitrole at the CoTCPc-EA-
SWCNT(linked)-GCE at rotational speeds (i) 50, (ii) 100, (iii) 200, (iv) 400, (v) 600, 
(vi) 800, (vii) 1000, (viii) 1200, (ix) 1400, (x) 1600, (xi) 1800 and (xii) 2000 rpm, with a 
sensitivity of 10 µA/V. Scan rate = 20 mV/s. Inset: Levich plot.  
0 200 400 600 800 1000 1200 1400
10 µA
i
xii
E/mV vs. Ag|AgCl
y = 1.335x + 8.7042
R² = 0.9951
15
19
23
27
31
5 10 15 20
IL
/µ
A
ω1/2 (rad.s)1/2
  Results and Discussion 
188 
 
Fig. 5.15 shows the RDE voltammograms for CoTCPc-EA-SWCNT(linked) in 
amitrole. Using this data and the Levich theory (Eq. 5.13), a linear relationship was 
observed between Ilim and 𝜔    (Fig. 5.15 inset) showing that the oxidation of 
amitrole in solution is governed by its mass transfer to the electrode surface [245]. A 
similar relationship was observed for diuron. 
𝐼𝑙𝑖𝑚 = 𝐼𝐿𝑒𝑣 = 0.62𝑛𝐹𝐴𝐷
2/3𝜐−1/6𝜔1/2𝐶0                                                                          (5.13) 
where D, v, ω and Co are the diffusion coefficient, the kinematic viscosity, the 
rotational speed and the bulk concentration of the reactant in the solution, 
respectively, with all other parameters having their usual meanings.  
A corresponding Tafel slope value for amitrole (not done for diuron since the 
aim was to compare Tafel slopes obtained using the two methods) was obtained 
from the plot of Ep vs. log Ik (Fig. 5.16) where Ik = (Id x IL)/ (Id – IL). IL is the limiting 
current (plateau in RDE voltammogram) and Id is measured current and it has to be 
less than 5% of IL. For plots at 1800 and 2000 rpm on CoTCPc-EA-SWCNT(linked), 
Fig. 5.16, Tafel slopes of 232 mV decade-1 and 243 mV decade-1 were obtained, 
respectively, whose average is 238 mV dacade-1 (α = 0.75) and is in agreement with 
what was obtained from the plot of Ep versus log v, Table 5.2.  
 
 
Figure 5.16:  Plot of potential versus log Ik for 0.1 mM amitrole in pH 4 buffer (for 
1800 and 2000 rpm). 
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5.3.6 Selectivity and sensitivity 
 
 
 
 
Figure 5.17: (a) RDE evolutions for different concentrations of amitrole at 1000 
rpm at a CoTCPc-EA-SWCNT(linked)-GCE at a sensitivity of 10 µA/V. Scan rate = 
20 mV/s. (b) Chronoamperograms for (i) pH 4 buffer, (ii) 2 µM amitrole (pH 4 
buffer) and (iii) 0.2 µM amitrole (pH 4 buffer). Inset: Cyclic voltammogram for the 
2 µM amitrole in pH 4 buffer. 
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Rotating disk electrode voltammetry (RDE) and chronoamperometry were 
used to deduce the sensitivity of CoTCPc-EA-SWCNT(linked)-GCE towards 
amitrole (Fig. 5.17). The linear dynamic range was from 1 x 10-5 M – 1.6 x 10-4 M with 
the sensitivities for RDE voltammetry and chronoamperometry being 0.76 A mol-1 L 
cm-2 and 0.75 A mol-1 L cm-2, (the latter in Table 5.2) respectively. The similarities of 
these sensitivities indicate the reliability of these two techniques as analytical tools in 
the determination of amitrole. The limit of detection of amitrole was found to be 0. 
10 µM using the 3δ notation, which is lower than what has been observed elsewhere 
[78,257,311] and also lower than what was on FeTAPc-SWCNT(linked)-GCE, Table 
5.2. For diuron, the limit of detection was 0.16 µM with a sensitivity of 0.82 A mol-1 L 
cm-2, Table 5.2. 
 Fig. 5.17b, shows the chronoamperograms obtained for CoTCPc-EA-
SWCNT(linked)-GCE in pH 4 buffer, 2 µM amitrole (pH 4 buffer) and 0.2 µM 
amitrole (pH 4 buffer). Using chronoamperometry, levels below 0.2 µM amitrole 
could be detected. The inset in Fig. 5.17b shows a cyclic voltammogram for 2 µM 
amitrole, an indication that very low concentrations of amitrole could be detected at 
CoTCPc-EA-SWCNT(linked)-GCE.  
Zen and co-workers observed a relatively low detection of 0.15 ng/20 µL of 
sample for amitrole using a flow injection method [257]. Chicharro and co-workers 
got a higher detection limit than obtained in this study [78] using a flow injection 
technique. From these observations we can conclude that it is the nature of the 
electrode and not necessarily the technique which is important in the detection of 
amitrole. Therefore the lower detection limits observed on CoTCPc-EA-
SWCNT(linked)-GCE makes it a good electrode for the electrochemical detection of 
amitrole.  
The selectivity of CoTCPc-EA-SWCNT(linked)-GCE for amitrole was done in 
the presence of diuron (whose oxidation potential is close to that of amitrole) using 
the mixed solution method [248]. The value of Kamp was determined from Eq. (5.5) 
(using 1×10−4 M for both diuron (interferent) and amitrole). For an equimolar 
solution of amitrole and diuron, the Kamp values of (2.2 ± 0.10) × 10−1 were obtained, 
indicating that diuron is a very strong interferent, thus the electrode cannot be used 
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for the detection of both amitrole and diuron as already observed for FeTAPc-
SWCNT(linked) above. Non-selectivity was further confirmed using cyclic 
voltammetry. In the presence of diuron, only one oxidation peak was observed, at a 
more positive potential than that for the oxidation of amitrole but less than that for 
the oxidation of diuron. In a suspected mixture of amitrole and diuron we would 
recommend HPLC separation to precede the determination. 
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5.3.7 Electrochemical impedance spectroscopy (EIS) 
 
 
 
Figure 5.18: (a) Nyquist and (b) Bode (phase angle versus log f ) plots obtained for 
(i) bare GCE, (ii) CoTCPc/EA-SWCNT(mix), (iii) CoTCPc, (iv) EA-SWCNT and (v) 
CoTCPc-EA-SWCNT(linked) in 0.1 mM amitrole (pH 4 buffer). Inset: Suggested 
Randle equivalent circuit model for the impedance spectra.  
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Figure 5.19: (a) Nyquist and (b) Bode (phase angle versus log f ) plots obtained for 
(i) bare GCE, (ii) CoTCPc/EA-SWCNT(mix), (iii) CoTCPc, (iv) EA-SWCNT and (v) 
CoTCPc-EA-SWCNT(linked) in 0.16 mM diuron (pH 4 buffer). Inset: Suggested 
Randle equivalent circuit model for the impedance spectra.  
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Table 5.3: Estimated EIS parameters obtained for the different electrodes. 
Electrode Analyte Ret (kΩ) n kapp (cm s-1) 
 
Bare GCE 
Amitrole 402.0 0.85 6.62 x 10-6 
Diuron 160.8 0.86 1.03 x 10-6 
 
CoTCPc-GCE 
Amitrole 181.6 0.85 1.47 x 10-5 
Diuron 171.3 0.78 9.71 x 10-6 
 
EA-SWCNT-GCE 
Amitrole 175.4 0.70 1.50 x 10-5 
Diuron 150.5 0.80 1.11 x 10-5 
 
CoTCPc/EA-SWCNT(mix)-GCE 
Amitrole 161.8 0.88 1.64 x 10-5 
Diuron 155.4 0.68 1.10 x 10-5 
 
CoTCPc-EA-SWCNT(linked)-GCE 
Amitrole 87.6 0.76 3.00 x 10-5 
Diuron 105.3 0.75 1.58 x 10-5 
 
Electrochemical impedance spectroscopy (EIS) was used to probe the redox 
and structural features of a surface confined species [245] in the presence of analytes. 
Figs. 5.18a and 5.19a displays the Nyquist plots obtained in 0.1 mM and 0.16 mM of 
amitrole and diuron, respectively. The bare GCE, CoTCPc-GCE, CoTCPc-EA-
SWCNT(linked)-GCE, CoTCPc/EA-SWCNT(mix) and EA-SWCNT-GCE displayed 
identical semi-circular Nyquist plots.  These semi-circles represent a combination of 
charge-transfer resistance and the double layer capacitance of the electrode 
modifiers [236] and are in agreement with kinetically controlled movement of 
electrons [68]. The origin of the semi-circles in Nyquist plots has been attributed to 
microscopic roughness, which brings heterogeneity in solution resistance and the 
double layer capacitance [237]. A very large semi-circle at higher frequencies was 
observed for the bare GC electrode in the presence of amitrole (highest charge 
transfer resistance), followed by CoTCPc-GCE, EA-SWCNT-GCE, CoTCPc/EA-
SWCNT(mix) and the CoTCPc-EA-SWCNT(linked)-GCE in that order (Fig. 5.18a). 
On diuron the charge transfer resistance for bare GCE is approximately equal to that 
of CoTCPc-GCE and the order is as follows: CoTCPc-GCE ~ bare GCE > 
CoTCPc/EA-SWCNT(mix) > EA-SWCNT-GCE > CoTCPc-EA-SWCNT(linked)-GCE  
(Table 5.3). The circuit compatible with these electrodes from the given Nyquist plots 
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is shown in Figs. 5.18a and 5.19a, as insets. Rs, CPEdl and Ret represent solution 
resistance, a constant phase element (corresponding to the double layer capacitance) 
and the charge-transfer resistance, respectively.  At the frequency region of the 
impedance under study, the charge-transfer resistance (Ret) decreased (except for 
CoTCPc on diuron) due to facilitation of the electron transfer by the electrode 
modifiers, Table 5.3, an indication that films form high electron conduction 
pathways between the electrode and electrolyte/analyte as observed elsewhere 
[238]. The Nyquist plots of CoTCPc-EA-SWCNT(linked)-GCE have the lowest 
charge-transfer resistances (smallest diameters) with values of 87.6  and 105.3 kΩ for 
amitrole and diuron, respectively (Table 5.3) and hence the highest oxidation 
currents observed on both amitrole and diuron, respectively, at reduced 
overpotentials (Figs. 5.11 and 5.12). These charge transfer resistance data proves that 
amitrole is oxidized at lower potentials than diuron, which is in agreement with 
cyclic voltammetry, Figs. 5.11 and 5.12. 
 The n – values are in the range 0.68 – 0.88 which is < 1, confirming the non-
capacitative nature of the electrode modifiers. 
 The apparent electron transfer rate constants, kapp, were obtained using Eq. 
5.14 [239]. 
𝑘𝑎𝑝𝑝  =  𝑅𝑇/𝐹
2𝑅𝑒𝑡𝐶                                                                                                           (5.14) 
where C is the concentration ((amitrole, 1.0 x 10-7  mol cm-3) and (diuron, 1.6 x 10-7  
mol cm-3)), with R, T and F having their usual meanings. As reflected in its kapp and 
Ret values, CoTAPc-EA-SWCNT(linked)-GCE exhibited fastest electron transfer 
processes towards both amitrole and diuron compared to other electrodes 
investigated in this work, Table 5.3. Generally the presence of an electrocatalyst 
facilitates electron transfer at the electrode|analyte interface as shown by increases 
in the values of kapp, Table 5.3. 
The Bode plots (plot of phase-shift (θ) versus the log frequency), Figs. 5.17b 
and 5.18b, were used to obtain frequency related information, which cannot be 
obtained from their Nyquist plots. The nature of the Bode plots confirmed the 
structural differences of the GCE modified electrodes and the bare GCE. The bare 
GCE showed unsymmetrical peak with a maximum value of ~63.90 at 12.59 Hz (Fig. 
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5.18i) corresponding to the relaxation process of the GCE|amitrole interface. After 
modification of GC electrodes with CoTCPc, EA-SWCNT, CoTCPc-EA-
SWCNT(linked) and CoTCPc/EA-SWCNT(mix), all the  peaks shifted towards lower 
frequencies for the relaxation processes of the modifier-GCE|amitrole interfaces, 
with the EA-SWCNT spectrum showing a broad band which stretches from lower 
frequencies to higher frequencies. The relaxation process of the CoTCPc-EA-
SWCNT-GCE|amitrole interface was at a phase angle of 58.80 and a frequency of 
15.8 Hz (Fig. 5.18v). The relaxation process for diuron on CoTCPc-EA-SWCNT 
electrode occurred at the same frequency as that for amitrole but a slightly lower 
phase angle (57.30), Fig. 5.19v. This confirms that oxidations of amitrole and diuron 
occur at slightly different potentials as shown by cyclic voltammetry (Figs. 5.11 and 
5.12, Table 5.2). Changes in phase angles and frequencies confirmed that the 
oxidation of both amitrole and diuron was taking place at modified platform rather 
than on the bare GCE surface. Both the Nyquist and the Bode plots confirmed the 
poor electron transfer kinetics for the CoTCPc-GCE for both amitrole and diuron 
(Figs. 5.18 and 5.19, Table 5.3). 
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5.4 CoTCPc-PA-SWCNT(linked)  
As with CoTCPc-EA-SWCNT(linked), the electrode was used for amitrole and 
diuron, Table 5.1. CV, CA, RDE and EIS were employed. 
5.4.1 Cyclic voltammetry 
Figure 5.20: Cyclic voltammograms for the bare GCE and the modified electrodes 
for 0.2 mM diuron in pH 4 buffer: (a) bare GCE, (b) CoTCPc/PA-SWCNT(mix)-
GCE, (c) CoTCPc-PA-SWCNT(linked)-GCE, (d) PA-SWCNT-GCE and (e) CoTCPc-
GCE. Scan rate = 100 mV/s. 
 
 
Figure 5.21: Cyclic voltammograms for the bare GCE and the modified electrodes 
for 0.16 mM amitrole in pH 4 buffer: (a) bare GCE, (b) CoTCPc/PA-SWCNT(mix)-
GCE, (c) CoTCPc-PA-SWCNT(linked)-GCE, (d) PA-SWCNT-GCE and (e) CoTCPc-
GCE. Scan rate = 100 mV/s. 
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The comparative cyclic voltammetric responses for diuron and amitrole on 
bare GCE (a), CoTCPc/ PA-SWCNT(mix)-GCE (b), CoTCPc-PA-SWCNT(linked)-
GCE (c), PA-SWCNT-GCE (d) and CoTCPc-GCE (e) are shown in Figs. 5.20 and 5.21, 
respectively. Peaks in the region 0.8 – 1.0 V are due to the oxidation of amitrole and 
diuron as observed elsewhere [78,306,307,311]. The oxidation potentials for diuron at 
bare GCE, CoTCPc-PA-SWCNT(linked)-GCE, CoTCPc/PA-SWCNT(mix)-GCE, PA-
SWCNT-GCE and CoTCPc-GCE are 0.92 V, 0.87 V (Table 5.2), 0.90 V, 0.92 V and 0.97 
V (versus Ag|AgCl), respectively. For amitrole the potentials for the bare GCE, 
CoTCPc-PA-SWCNT(linked)-GCE, CoTCPc/PA-SWCNT(mix)-GCE, PA-SWCNT-
GCE and CoTCPc-GCE are 0.90 V, 0.82 V (Table 5.2), 0.86 V, 0.89 V and 0.95 V, 
respectively.  The CoTCPc-PA-SWCNT(linked)-GCE (Figs. 5.20c and 5.21c), shows 
higher oxidation currents (though not too different from the CoTCPc/PA-
SWCNT(mix)-GCE for diuron) at reduced oxidation overpotentials compared to 
other modified electrodes, confirming better catalytic properties. The sharper rise in 
current for CoTCPc-PA-SWCNT(linked)-GCE on both amitrole and diuron shows its 
good catalytic activity.  The oxidation potentials of both amitrole and diuron 
coincide with CoIIIPc-1/CoIIIPc-2 process of the phthalocyanine (see Fig. 4.7e), 
therefore the CoIIIPc-1 species are involved in the catalysis. In short the involvement 
of SWCNTs and MPcs in the oxidation of both amitrole (Figs. 5.21b and c) and 
diuron (Figs. 5.20b and c) is accompanied by reduced oxidation overpotentials and 
high catalytic currents.  For CoTCPc and PA-SWCNT modified GCE, there is no 
catalytic activity for diuron (as judged by the lower currents compared to the bare 
GCE), while CoTCPc-GCE is not catalytic towards amitrole because of its more 
positive oxidation potential relative to the bare GCE. Compared to CoTCPc-EA-
SWCNT(linked), the oxidation of amitrole and diuron on CoTCPc-PA-
SWCNT(linked) occur at about the same potential, showing little or no effect of EA 
or PA. The potentials were also compared with those of CoTAPc-SWCNT(linked), 
Table 5.2, not discussed in detail in this work. In both CoTCPc-PA-SWCNT(linked) 
and CoTCPc-EA-SWCNT(linked), the CoTCPc is chemically linked to SWCNTs 
carrying amino groups, while in CoTAPc-SWCNT(linked) the SWCNTs are carrying 
the carboxylic acid groups. The amino group is electron donating, while the 
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carboxylic group is electron withdrawing. The amino groups lower the oxidation 
potential of Co, while electron withdrawing groups have an opposite effect. As a 
result both PA-SWCNTs and EA-SWCNTs reduced the amitrole oxidation potentials 
more than SWCNT-COOH. Amitrole was oxidized at 0.83 V, 0.82 V and 0.98 V 
(versus Ag|AgCl) on CoTCPc-EA-SWCNT(linked)-GCE, CoTCPc-PA-
SWCNT(linked)-GCE and CoTAPc-SWCNT(linked)-GCE, respectively, Table 5.2. 
Such large differences in potential (>120 mV) indicate that both CoTCPc-EA-
SWCNT(linked) and CoTCPc-PA-SWCNT(linked) have better electro-catalytic 
properties compared to CoTAPc-SWCNT(linked). The potentials for CoTCPc-EA-
SWCNT(linked) and CoTCPc-EA-SWCNT(linked) are slightly improved compared 
to FeTAPc-SWCNT(linked) and there is a very high improvement compared to poly-
Ni(OH)TAPc (for diuron). The poor catalytic activity of CoTCPc has been reported 
before [229]. 
 
5.4.2 Electrode stability  
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Figure 5.22: (a) Cyclic voltammograms showing the behaviour of the CoTCPc-PA-
SWCNT(linked) electrode on continuous cyclisation in 0.2 mM diuron (pH 4 
buffer). Inset: Behaviour of bare GCE in 0.2 mM diuron. (b) Cyclic 
voltammograms obtained during the conditioning of the CoTCPc-PA-
SWCNT(linked)-GCE through continuous cyclisation in pH 4 buffer and (c) 
CoTCPc-PA-SWCNT(linked) regeneration voltammograms (in 0.16 mM amitrole) 
after conditioning. Scan rate = 100 mV/s. 
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Figure 5.22a shows 30 cycle continuous scan voltammograms for CoTCPc-PA-
SWCNT(linked)-GCE in 0.2 mM diuron. A drop of 46% in peak current from cycle 1 
to 2, followed by the stabilization of the currents was observed. The large drop in 
peak current shows the high passivating nature of the diuron oxidation products on 
CoTCPc-PA-SWCNT(linked). Figure 5.21a, inset, shows the behaviour of the bare 
GCE on continual cyclisation in 0.2 mM diuron. A drop of 54% from cycle 1 to 2 and 
a shift in peak potentials towards the positive values was observed on the bare GCE. 
Thus in terms of the initial passivation CoTCPc-PA-SWCNT(linked) is not too 
different from the bare GCE, however no shifts in peak potential were observed for 
the former during continuous scanning. This is an indication that CoTCPc-PA-
SWCNT(linked)-GCE is a better electrode than the bare GCE. Resistance to 
passivation (due to diuron oxidation products) was measured as % current drop 
from scan 1 to 2, and the order was as follows: CoTCPc (32%) > PA-SWCNT (43%) > 
CoTCPc/PA-SWCNT(mix)-GCE (45%)  CoTCPc-PA-SWCNT(linked)-GCE (46%) > 
bare GCE (54%). However, CoTCPc and PA-SWCNT are not catalytic. The trend in 
resistance to passivation for amitrole (from scan 1 to 2) is as follows: PA-SWCNT 
(24%) > CoTCPc (26%) > bare GCE (29%) > CoTCPc/PA-SWCNT(mix)-GCE (31%) > 
CoTCPc-PA-SWCNT(linked)-GCE (44%). Thus for amitrole, CoTCPc-PA-
SWCNT(linked) is the least stable, but shows approximately the same stability as for 
diuron. The differences in stability could be due to the differences in the extents of 
interaction between the electrodes and the oxidation products. After use the 
electrode was conditioned by scanning it in pH 4 buffer solution (after cleaning by 
shaking in methanol) through cyclic voltammetry in the potential window 0.0-1.2 V 
(versus Ag|AgCl) until stable currents were observed (Fig. 5.22b). The success of the 
regeneration was monitored by re-running the electrode in the analyte (Fig. 5.22c 
regenerated for amitrole). On continual use and storage in pH 4 buffer, the electrode 
has a life span of more than 2 months for both. 
 
5.4.3 Tafel slopes 
Plots of peak current versus the root of scan rate (similar to Fig. 5.5b) for the 
oxidation of amitrole and diuron on CoTCPc-PA-SWCNT(linked)-GCE, were linear 
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confirming that their oxidations are governed by the rate at which they diffuse 
towards the CoTCPc-PA-SWCNT(linked)-GCE|solution interface from the bulk 
solution. 
Using Eq. 5.1 and plots of Ep versus log v (similar to Fig. 5.5a), Tafel slopes of 166 
and 197 mV decade-1 were obtained for diuron and amitrole, respectively., 
suggesting a one electron transfer during the rate determining step. As stated before 
Tafel slopes higher that 30-120 mV/decade have been observed either for chemical 
reactions coupled to electrochemical steps [97] or to substrate-catalyst interactions in 
a reaction intermediate [257,303,304]. The lower Tafel slopes on CoTCPc-PA-
SWCNT(linked) compared to CoTCPc-EA-SWCNT(linked) suggest less interaction 
between the analytes and the electrode for the former. The electron transfer 
coefficients (α) for amitrole and diuron were found to be 0.70 and 0.65 (Table 5.2), 
respectively, indicating higher probabilities of the activated complexes being 
converted to the products. From a plots of log Ip versus log [diuron] (similar to Fig. 
5.9), the electro-catalysis of amitrole and diuron were found to be approximately first 
order, implying that one analyte molecule interacts with one molecule of CoTCPc-
PA-SWCNT(linked). Using the above information, the proposed mechanism is as 
given in Scheme 5.2 (using diuron as an example), which is similar to Scheme 5.1 
except for CoTCPc instead of Ni(OH)TAPc. 
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Scheme 5.2: Mechanism for the CoTCPc-PA-SWCNT(linked) mediated oxidation 
of diuron. 
 
5.4.4 Chronoamperometric studies 
 Using plots similar to Fig. 5.6 but for CoTCPc-PA-SWCNT(linked) and Eq. 
5.3, k values of 4.4 x 103 and 3.58 x 103 M-1 s-1 were obtained for diuron and amitrole, 
respectively, Table 5.2. These values are smaller than 1.79 x 104 and 5.88 x 104 M−1 s−1 
obtained on FeTAPc-SWCNT(linked) and CoTCPc-EA-SWCNT(linked) for diuron, 
respectively. The rate of oxidation of diuron on CoTCPc-PA-SWCNT(linked)-GCE is 
therefore slower than on both FeTAPc-SWCNT(linked) and CoTCPc-EA-
SWCNT(linked) electrodes. These values obtained on CoTCPc-EA-SWCNT(linked) 
are however larger than that obtained on poly-Ni(OH)TAPc for diuron, Table 5.2, 
possibly due to the presence of SWCNTs. Rate of oxidation of amitrole is lower on 
CoTCPc-EA-SWCNT(linked)-GCE relative to CoTCPc-PA-SWCNT(linked)-GCE and 
FeTAPc-SWCNT(linked)-GCE 
Chronoamperometry was used to deduce the sensitivities of CoTCPc-PA-
SWCNT(linked)-GCE towards amitrole and diuron. The linear dynamic range was 
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from 1 x 10-5 M – 2.0 x 10-4 M (for both), with a sensitivities of 0.42 and 0.51 A mol-1 L 
cm-2 and the limits of detection of 0.18 and 0.14 µM (using the 3δ notation) for diuron 
and amitrole, respectively. For diuron this LOD is lower than what has been 
observed elsewhere [307]. These LODs are lower (for both amitrole and diuron) than 
what was observed on FeTAPc-SWCNT(linked)-GCE or 0.33 µM for poly-
Ni(OH)TAPc (for diuron), Table 5.2, but slightly higher than for CoTCPc-EA-
SWCNT(linked).  
 
5.4.5 RDE studies 
 
 
Figure 5.23: Rotating disc electrode linear voltammetry evolution (400 rpm) for 1.6 
x 10-4 M diuron in pH 4 buffer at the CoTCPc-PA-SWCNT(linked)-GCE with a 
sensitivity of 10 µA/s. Inset: Koutecky-Levich plot. Scan rate = 20 mV/s. 
 
Figure 5.23 shows the RDE linear voltammogram evolved for 1.6 x 10-4 M 
diuron in pH 4 buffer, at a rotational speed of 400 rpm on the CoTCPc-PA-
SWCNT(linked)-GCE. Using the Koutecky-Levich theory (Eq. 5.9), a linear 
relationship between the inverse of catalytic current and ω-1/2 with a positive 
intercept (Fig. 5.23, inset) confirms that the oxidation of diuron is controlled more by 
kinetics than diffusion [313]. Similar observations were made for amitrole. 
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From a plot of potential versus log Ik at 2000 rpm (similar to Fig. 5.16), a Tafel slope 
of 183 mV decade-1 (α = 0.68) was obtained for amitrole, which is close to 197 mV 
decade-1 (α = 0.70) obtained using cyclic voltammetry data. A rotational speed of 
2000 rpm was used because beyond this speed, the limiting current became 
independent of rotational speed of the electrode. This suggests a one electron 
transfer during the rate determining step preceding a chemical step and thus 
confirms a similar mechanism to the one given in Scheme 5.2 for diuron. 
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5.4.6 Electrochemical impedance spectroscopy 
The impedance spectra are only shown for diuron, since they are similar to 
those for amitrole. The data for both amitrole and diuron is also given in Table 5.4.  
 
 
 
 
Figure 5.24: (a) Nyquist and (b) Bode (Phase angle versus log f) plots for (i) 
CoTCPc-GCE, (ii) bare GCE, (iii) PA-SWCNT-GCE, (iv) CoTCPc/PA-
SWCNT(mix)-GCE and (v) CoTCPc-PA-SWCNT(linked)-GCE. Inset: Suggested 
Randle equivalent circuit model for the impedance spectra.  
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Table 5.4:  Estimated EIS parameters obtained for the different electrodes. 
 
Electrode Analyte Ret(kΩ) n kapp (cm s-1) 
 
Bare GCE 
Diuron 360 0.79 6.16 x 10-6 
Amitrole 389 0.76 4.28 x 10-6 
 
CoTCPc-GCE 
Diuron 518 0.79 4.28 x 10-6 
Amitrole 398 0.83 4.18 x 10-6 
 
PA-SWCNT-GCE 
Diuron 245 0.78 9.05 x 10-6 
Amitrole 185 0.80 9.00 x 10-6 
 
CoTCPc/ PA-SWCNT(mix)-GCE                     
Diuron 130 0.84 17.1 x 10-6 
Amitrole 116 0.85 1.43 x 10-5 
 
CoTCPc-PA-SWCNT(linked)-GCE 
Diuron 120 0.73 18.5 x 10-6 
Amitrole 105 0.78 1.58 x 10-5 
 
Figure 5.24a displays the EIS (Nyquist plots) obtained in 0.1 mM diuron. The 
bare GCE, CoTCPc-GCE, CoTCPc-PA-SWCNT(linked)-GCE and PA-SWCNT-GCE 
displayed identical semi-circular Nyquist plots, with CoTCPc-GCE showing a very 
large semi-circle at higher frequencies (highest charge-transfer resistance). The order 
in terms of charge-transfer resistance is as follows: CoTCPc-GCE > bare GCE > PA-
SWCNT-GCE > CoTCPc/PA-SWCNT(mix)-GCE > CoTCPc-PA-SWCNT(linked)-
GCE. As had been observed from RDE studies, EIS also confirmed that catalysis of 
amitrole and diuron are kinetically controlled. The absence of a straight portion (for 
diffusion process) in the Nyquist plot, shows that the overall impedance is 
dominated by the charge-transfer process (kinetics). The suggested Randle 
equivalent circuit model for the impedance spectra is given as an inset in Fig. 5.24a. 
Rs, CPEdl and Ret represent solution resistance, a constant phase element 
(corresponding to the double layer capacitance) and the charge-transfer resistance, 
respectively.  With the exception of CoTCPc-GCE, generally the charge-transfer 
resistance (Ret) decreased due to facilitation of the electron transfer by the electrode 
modifiers, Table 5.2, an indication that films form high electron conduction 
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pathways between the electrode and electrolyte/analyte as stated before. The poor 
electron transfer properties of CoTCPc that have been confirmed through impedance 
were also observed through cyclic voltammetry, Figs. 5.20e and 5.21e, for diuron and 
amitrole, respectively. The Nyquist plot of CoTCPc-PA-SWCNT(linked)-GCE has the 
lowest charge-transfer resistance (smallest diameter) with a value of 120 kΩ for 
diuron and 105 kΩ for amitrole (Table 5.4), hence the highest oxidation currents of 
diuron and amitrole at reduced overpotentials as shown in Figs. 5.20c and 5.21c, 
respectively.  
All the n – values were less than 1, Table 5.4, confirming the non-capacitative nature 
of the electrode modifiers. 
 The apparent electron transfer rate constants, kapp, were obtained using Eq. 
(5.14) [239], with the concentrations (C) of 1.0 x 10-7 and 1.6 x 10-7 mol cm-3 for diuron 
and amitrole, respectively. As reflected in its kapp and Ret values (Table 5.4), CoTCPc-
PA-SWCNT-GCE exhibited fastest electron transfer processes towards both amitrole 
and diuron compared to other electrodes investigated in this section. This has also 
been confirmed by cyclic voltammetry (Figs. 5.20 and 5.21). However the rate of 
oxidation of amitrole on CoTCPc-PA-SWCNT(linked) is faster than that of diuron, as 
shown by the kapp values, Table 5.4. Similar observations were made for the oxidation 
of amitrole on CoTCPc-EA-SWCNT(linked) electrode, Table 5.3. Just like cyclic 
voltammetry, EIS studies showed that the CoTCPc-EA-SWCNT(linked) is a better 
electrode for the oxidation of both amitrole and diuron, Tables 5.3 and 5.4. 
Fig. 5.24b shows the Bode plot for diuron on CoTCPc-PA-SWCNT(linked)-
GCE. The nature of these Bode plots confirms the structural differences of the GCE 
modified electrodes and the bare GCE. The bare GCE showed unsymmetrical peak 
with a maximum value of ~640 at 50.1 Hz corresponding to the relaxation process of 
the GCE|diuron interface. PA-SWCNT-GCE, CoTCPc-PA-SWCNT(linked)-GCE and 
CoTCPc/PA-SWCNT(mix)-GCE have their peaks shifted towards lower frequencies 
(compared to GCE) for the relaxation processes of the modifier-GCE|diuron 
interfaces, with the CoTCPc-PA-SWCNT(linked)-GCE showing greatest shift.  
CoTCPc shows a broad peak. Increase in the phase angles relative to the bare GCE 
were noted for CoTCPc/PA-SWCNT(mix)-GCE (700) and a decrease for CoTCPc-PA-
  Results and Discussion 
209 
 
SWCNT(linked)-GCE at 620, with the rest of the electrodes remaining at almost the 
same phase angles though at lower frequencies. Similar Bode plots were obtained for 
amitrole. The changes in phase angles and frequencies confirmed that the oxidation 
processes were taking place at modified surfaces rather than on the bare GCE 
surface.  
 
5.5 CoMAPc-SWCNT(linked)   
This electrode was used for both amitrole and diuron, Table 5.1. CV, CA and RDE 
were employed in these studies. EIS studies were not done since the effect of linking 
MPcs to SWCNTs on the rate of electron transfer was elucidated using CoTCPc-PA-
SWCNT(linked) and CoTCPc-EA-SWCNT(linked) on these analytes. 
 
5.5.1 Cyclic voltammetry 
 
Figure 5.25: Comparative cyclic voltammograms for 10 µM diuron on: (a) bare 
GCE, (b) CoMAPc-GCE, (c) SWCNT-COOH-GCE, (d) CoMAPc/SWCNT-
COOH(mix)-GCE and (e) CoMAPc-SWCNT(linked)-GCE. Inset: Structure of 
diuron.  Scan rate = 100 mV/s. pH 4 buffer. 
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Figure 5.26: Comparative cyclic voltammograms for 10 µM amitrole on: (a) bare 
GCE, (b) CoMAPc-GCE, (c) SWCNT-COOH-GCE, (d) CoMAPc/SWCNT-
COOH(mix)-GCE and (e) CoMAPc-SWCNT(linked)-GCE. Inset: Structure of 
amitrole. Scan rate = 100 mV/s. pH 4 buffer. 
 
Table 5.5: Electrochemical parameters for amitrole and diuron.  
 
 
 
Electrode 
  
EP (V) 
Electrode Stability (as % 
current drop from cycle 1 to 2) 
 Diuron Amitrole Diuron Amitrole 
Bare GCE 0.88 0.90 38 24 
SWCNT-COOH-GCE 0.87 0.92 26 24 
CoMAPc-GCE 0.90 0.83 28 24 
CoMAPc/SWCNT-COOH(mix)-GCE 0.87 0.85 22 21 
CoMAPc-SWCNT(linked)-GCE 0.82 0.78 25 21 
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Figure 5.25 compares the  cyclic voltammetric responses for the bare GCE (a), 
CoMAPc-GCE (b), SWCNT-COOH-GCE (c), CoMAPc/SWCNT-COOH(mix)-GCE 
(d) and CoMAPc-SWCNT(linked)-GCE (e), all in the presence of 10 µM diuron (in 
pH 4 buffer). Figure 5.26 shows the comparative voltammetric evolutions of these 
electrodes in 10 µM amitrole (in pH 4 buffer). The oxidation peak for amitrole was 
found at 0.78 V, while the one for diuron was observed at 0.82 V (versus Ag|AgCl), 
Tables 5.2 and 5.5. The oxidation potentials for diuron were at 0.88 V, 0.90 V, 0.87 V, 
0.87 V and 0.82 V (versus Ag|AgCl) for the bare GCE (a), CoMAPc-GCE (b), 
SWCNT-COOH-GCE (c), CoMAPc/SWCNT-COOH(mix)-GCE (d) and  CoMAPc-
SWCNT(linked)-GCE(e), respectively, Table 5.5. The oxidation of diuron on the bare 
GCE (Table 5.5, also Table 5.2 for CoMAPc-SWCNT(linked)) occurs at a potential 
which is ~ 60 mV more positive than on the CoMAPc-SWCNT(linked) modified 
electrode (Fig. 5.25e). The sharper rise in current for the oxidation of diuron on 
CoMAPc-SWCNT(linked)-GCE is an indication of good catalytic activity. The 
oxidation of diuron is initiated at a more negative potential (foot of the oxidation 
wave) on the CoMAPc-SWCNT(linked) electrode relative to the other electrodes, 
and this confirms that it is a good electrocatalyst.  Amitrole showed oxidation peaks 
at 0.90 V, 0.83 V, 0.92 V, 0.85 V and 0.78 V for the bare GCE (a), the CoMAPc-GCE 
(b), the SWCNT-COOH-GCE (c),  the CoMAPc/SWCNT-COOH(mix)-GCE (d) and 
the CoMAPc-SWCNT(linked)-GCE (e), respectively (Fig. 5.26, Table 5.5). CoMAPc-
SWCNT(linked)-GCE (Fig. 5.26e), shows higher oxidation current at reduced 
oxidation overpotentials compared to other modified electrodes, confirming its good 
electrocatalytic properties. Oxidation of amitrole occurs at a potential 120 mV more 
positive on the bare GCE relative to the CoMAPc-SWCNT(linked) modified GCE. 
The oxidation potentials for both amitrole and diuron on CoMAPc-SWCNT(linked) 
have improved compared to CoTCPc-EA-SWCNT(linked), CoTCPc-PA-
SWCNT(linked) and FeTAPc-SWCNT(linked), possibly due the presence of the 
electron donating aryl-thio groups that lower the cobalt oxidation potential, thereby 
improving catalysis. The CoMAPc-SWCNT(linked) electrode showed the best 
catalytic performance towards both amitrole and diuron compared to the rest of the 
electrodes given in Table 5.2. The oxidation potentials of amitrole and diuron occur 
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in the potential range for the CoIIIPc-1/ CoIIIPc-2 redox process, hence they are 
catalysed by these species. Having confirmed the superiority of CoMAPc-
SWCNT(linked)-GCE over the other electrodes, it was used in the further 
characterizations of amitrole and diuron. 
 
5.5.2 Electrode stability 
 
 
Figure 5.27: Thirty continuous cyclic voltammetric evolutions for 10 µM diuron 
generated on GCE modified with CoMAPc-SWCNT(linked) nanorods. Scan rate = 
100 mV/s. pH 4 buffer. 
 
Figure 5.27 shows 30 cycle continuous scan voltammograms for CoMAPc-
SWCNT(linked) nanorods in 10 µM diuron. A drop of 25% in peak current from 
cycle 1 to 2 and an overall drop of 56% after 30 cycles were observed for diuron, 
followed by the stabilization of the currents thereafter. All electrodes were tested for 
stability (as % current drop from cycle 1 to 2) and the order was as follows for 
diuron: CoMAPc/SWCNT-COOH(mix)-GCE (22%) > SWCNT-COOH-GCE (26%) > 
CoMAPc-GCE (28%) > CoMAPc-SWCNT(linked)-GCE (25%, Table 5.2) > bare GCE 
(38%).  Amitrole showed a drop of 21% from cycle 1 to 2 and 32% after 30 cycles. The 
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order of stability for amitrole (as % current drop from cycle 1 to 2) was as follows: 
CoMAPc-SWCNT(linked)-GCE (21%, Table 5.2) = CoMAPc/SWCNT-COOH(mix)-
GCE (21%) > SWCNT-COOH-GCE (24%) ~ CoMAPc-GCE (24%) ~ bare GCE (24%). 
Drop in current is a passivation phenomena and the rate at which the current drops 
is a measure of resistance to passivation of the electrode towards that analyte/how 
much the analyte passivates the electrode.  The CoMAPc-SWCNT(linked) electrode 
showed similar stability for both diuron and amitrole and was successfully 
regenerated by shaking it in methanol and scanning in pH 4 buffer solution (through 
cyclic voltammetry) in the potential window 0.0-1.0 V (versus Ag|AgCl). The 
reproducibility of the voltammograms after shaking in methanol and scanning in pH 
4 buffer confirmed  little or no leaching at all of the catalyst. As discussed above, this 
minimum leaching is due to the dual combination of strong л-л interactions between 
the GCE and the CoMAPc-SWCNT(linked) nanorods. Under conditions of continual 
use and storage in pH 4 buffer, the electrode has a life span of more than 2 months.  
 
5.5.3 Tafel slopes 
Linear relationships were observed from plots of current versus v1/2  for both 
amitrole and diuron, confirming that their oxidation processes are diffusion 
controlled. Plots of Ep versus log v gave linear relationships as represented by Eq. 
5.1. Tafel slopes of 230 and 237 mV decade-1 (Table 5.2) were obtained for amitrole 
and diuron, respectively. Tafel slopes of this magnitude have no kinetic meaning but 
could indicate a passivation phenomena occurring on the electrode surface as 
already discussed. The electron transfer coefficients were estimated to be 0.74 and 
0.75, Table 5.2, for amitrole and diuron, respectively. 
 
5.5.4 Chronoamperometric studies 
Figure  5.28a (similar to Fig. 5.6 for poly-Ni(OH)TAPc) shows 
chronoamperometric evolutions for (i) 1 µM, (ii) 2 µM, (iii) 4 µM, (iv) 6 µM, (v) 8 µM 
and (vi) 10 µM diuron, produced on polarized CoMAPc-SWCNT(linked)-GCE (0.85 
V versus Ag|AgCl)), all in pH 4 buffer. At this potential the rate of electro-catalyzed 
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oxidation of both amitrole and diuron exceed their diffusion from the bulk solution 
to the electrode|solution interface [243] and this gives a diffusion controlled current.  
Using Eq. 5.3 and Fig. 5.28b, the catalytic rate constants for amitrole and 
diuron were found to be 1.09 × 105 M−1 s−1 and 1.43 × 105 M−1 s−1, respectively, Table 
5.2. These rate constants are higher than what was observed on all the electrodes in 
Table 5.2, except for CoMCPc-PA-SWCNT(linked), an indication that the oxidation 
reactions occur very fast at this electrode. This could be due to its higher surface to 
volume ratios which gives it larger surface coverages on the electrode surface and in 
turn higher catalytic rate constants. From the plot of log I versus log [concentration 
of diuron or amitrole], Fig. 5.28c, the electrocatalysis of both amitrole and diuron is 
approximately first order, as is the case for others above. This implies that one 
analyte molecule interacts with one molecule of CoMAPc-SWCNT(linked). 
Considering the above stated arguments and also that the CoIIIPc-1 species are 
implicated in the catalysis, the proposed mechanism for the catalytic oxidation of 
amitrole or diuron is given by Eqs. 5.15 and 5.16: 
(5.16)CoIIPc-2  + amitrole/diuron oxidation products
-2e-
[CoIIIPc-1]+2 CoIIPc-2 (5.15)
[CoIIIPc-1]+2  + amitrole/diuron  
 Eqs. 5.15 and 5.16 are proposed since the oxidation of amitrole and diuron occurs in 
the stability range of the CoIIIPc-1 species, hence the latter is involved in the 
mediation process. Eq. 5.16 shows the oxidation of amitrole and diuron and the 
regeneration of the CoIIPc-2 electrocatalyst. 
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Figure 5.28: (a) Chronoamperometric evolutions on CoMAPc-SWCNT(linked)-
GCE for (i) 1 µM, (ii) 2 µM, (iii) 4 µM, (iv) 6 µM, (v) 8 µM and (vi) 10 µM diuron, all 
in pH 4 buffer, (b) plot of Icat/Ibuf versus t1/2 and (c) plot of log I versus log 
[concentration], for both amitrole and diuron. Potential = 0.85 V. 
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The linear dynamic range was from 1 x 10-6 M – 1.2 x 10-4 M in both cases, 
with the sensitivities of 6.76 A mol-1 L cm-2 and 5.63 A mol-1 L cm-2 (Table 5.2) for 
amitrole and diuron, respectively. The CoMAPc-SWCNT(linked) electrode shows 
higher sensitivities towards amitrole than diuron. The sensitivity of this electrode is 
also higher than that for CoTCPc-EA-SWCNT(linked) and CoTCPc-PA-
SWCNT(linked) for both amitrole and diuron, Table 5.2. However these sensitivities 
are lower than those observed on poly-Ni(OH)TAPc (for diuron only) and FeTAPc-
SWCNT(linked) (for both amitrole and diuron), Table 5.2.  The limits of detection 
were estimated on the basis of signal-to-noise characteristics (S/N = 3), to be 0.1 µM 
and 0.13 µM for amitrole and diuron (Table 5.2), respectively and are lower than 
what has been observed elsewhere [78,257,306] using flow injection techniques and 
capillary electrophoresis. The LODs for amitrole and diuron on CoMAPc-
SWCNT(linked) are the lowest (the LOD for amitrole is the same as for CoTCPc-EA-
SWCNT(linked)) compared to all other electrodes in Table 5.2.  
 
5.5.5 Interference studies 
The effect of diuron on the detection of amitrole was studied. Fig. 5.29 shows 
cyclic voltammetric and chronoamperometric evolutions observed to show the 
interference of diuron on the detection of amitrole. The oxidation peak of amitrole is 
at 0.78 V and that of diuron is at 0.82 V, Table 5.2, on CoMAPc-SWCNT(linked)-
GCE. However, in an equimolar mixture of amitrole and diuron only a single peak 
with higher current is observed at more positive potentials (at 0.9 V versus 
Ag|AgCl) than those of amitrole and diuron, as was observed with FeTAPc-
SWCNT(linked), except for the lower current in the latter. Higher current for the 
mixture could indicate the oxidation of both amitrole and diuron. 
Chronoamperometric studies (Fig. 5.29 inset) also showed the same increase in 
current for the mixture, an indication that diuron could also be contributing towards 
the total current. The mixed solution method [248] was then used to check the 
selectivity of CoMAPc-SWCNT(linked)-GCE for amitrole in the presence of diuron, 
since the two have very close oxidation potentials. The value of Kamp was 
determined from Eq. 5.5 (using 1 × 10−5 M for both diuron (interferent) and amitrole). 
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As stated before a Kamp value of less than 10−3 indicates non-interference while one 
which falls within the order of 10−3 suggests that the species is an interferent but not 
a strong one. For an equimolar solution of amitrole and diuron, Kamp values of (6.6 ± 
0.12) × 10−1 was obtained, indicating that diuron is a very strong interferent, thus the 
electrode cannot be used for the detection of both amitrole and diuron, as already 
discussed for the other electrodes above.  
 
Figure 5.29: Cyclic voltammograms for (a) amitrole, (b) diuron and (c) amitrole: 
diuron mixture (1:1). Scan rate = 100 mV/s.  Inset: Chronoamperometric evolutions 
for (i) pH 4 buffer, (ii) 10 µM amitrole and (iii) 1:1 amitrole to diuron on CoMAPc-
SWCNT(linked)-GCE polarized at 0.9 V (versus Ag|AgCl). 
 
5.5.6 RDE studies 
Fig. 5.30 shows the rotating disk electrode linear voltammetry evolutions for 1 
mM diuron in pH 4 buffer. Fig. 5.30, inset, shows the linear relationship between the 
current and the electrode rotational speed, confirming that in solution the oxidation 
of diuron at the CoMAPc-SWCNT(linked)-GCE is governed by mass transfer. A 
similar relationship was observed for amitrole. From RDE, the catalytic rate 
constants for amitrole and diuron were found to be 1.62 x 105 and 2.11 x 105 M-1 s-1, 
respectively. Though these rate constants are higher than those observed from 
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chronoamperometry, their magnitude is the same. Using plots of potential versus log 
Ik (similar to Fig. 5.16), Tafel slopes of 239 and 228 mV/decade were obtained for 
amitrole and diuron, respectively, and are quite similar to those obtained through 
cyclic voltammetry. The α-values were 0.75 and 0.74 for amitrole and diuron, 
respectively, Table 5.2. 
 
 
Figure 5.30: (a) RDE evolutions for 1 mM diuron at the CoMAPc-SWCNT(linked)-
GCE at rotational speeds (i) 50, (ii) 100, (iii) 200, (iv) 400, (v) 800, (vi) 1200, (vii) 
1600, (viii) 2000 rpm, with a sensitivity of 10 µA/V. Scan rate = 20 mV/s. Inset: 
Levich plot. pH 4 buffer. 
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5.6 CoMCPc-PA-SWCNT(linked)  
This electrode was used on amitrole and diuron, Table 5.1. CV and CA were 
employed in their analysis. RDE was not done since the Tafel slopes and rate 
constants were obtained from CA, as was the case with CoMAPc-SWCNT(linked). 
EIS was employed since the effect of conjugation on electron transfer has already 
been reported. 
 
5.6.1 Cyclic voltammetry  
Figure 5.31: Comparative cyclic voltammograms for 10 µM amitrole on: (a) bare 
GCE, (b) CoMCPc-GCE, (c) PA-SWCNT-GCE, (d) CoMCPc-PA-SWCNT(linked)-
GCE  and (e) CoMCPc/PA-SWCNT(mix)-GCE. Scan rate = 100 mV/s. pH 4 buffer. 
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Figure 5.32: Comparative cyclic voltammograms for 10 µM diuron on: (a) bare 
GCE, (b) CoMCPc-GCE, (c) PA-SWCNT-GCE, (d) CoMCPc-PA-SWCNT(linked)-
GCE  and (e) CoMCPc/PA-SWCNT(mix)-GCE. Scan rate = 100 mV/s. pH 4 buffer. 
 
Table 5.6: Electrochemical parameters for amitrole and diuron.  
 
Electrode E (mV) vs 
Ag|AgCl 
[Fe(CN)6]3-/4- 
(0.1 M KCl) 
 
EP (V) 
Electrode Stability (as 
% current drop from 
cycle 1 to 2) 
Diuron Amitrole Diuron Amitrole 
Bare GCE 54 0.90 0.87 32.5 19.7 
PA-SWCNT-GCE 66 0.87 0.81 25.0 24.7 
CoMCPc-GCE 172 0.94 0.91 29.7 29.4 
CoMCPc/PA-SWCNT(mix)-GCE 78 0.86 0.83 24.2 24.4 
CoMCPc-PA-SWCNT(linked)-GCE 60 0.85 0.79 37.1 17.8 
 
The effectiveness of the CoMCPc-PA-SWCNT(linked) was explored through 
comparative cyclic voltammetry as shown in Figs. 5.31 and 5.32, for amitrole (10 µM) 
and diuron (10 µM),  respectively. The order of peak potential for the oxidation of 
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amitrole on various modified electrodes is as follows: CoMCPc-PA-SWCNT(linked)-
GCE (0.79 V, Table 5.2) > PA-SWCNT-GCE (0.81 V) > CoMCPc/PA-SWCNT(mix)-
GCE (0.83 V) > bare GCE (0.87 V) > CoMCPc-GCE (0.91 V), Table 5.6. The trend for 
the oxidation of diuron is as follows: CoMCPc-PA-SWCNT(linked)-GCE (0.85 V, 
Table 5.2) ~ CoMCPc/PA-SWCNT(mix)-GCE (0.86 V) ~ PA-SWCNT-GCE (0.87 V) > 
bare GCE (0.90 V) > CoMCPc-GCE (0.94 V), Table 5.6. It is important to note that 
diuron is more resistant to oxidation on all the electrodes (compared to amitrole), 
even though these trends show that the CoMCPc (without PA-SWCNT) is not 
catalytic towards both amitrole and diuron. This is not the case with CoMAPc, Table 
5.5. However, when CoMCPc is chemically linked to PA-SWCNTs, its catalytic 
properties are activated (Figs. 5.31d and 5.32d). This is due to the electron donating 
effect of the phenyl-amine group, which lowers the redox potentials for the 
CoIII/CoII process, thereby initiating catalysis at lower potentials for the CoMCPc-
PA-SWCNT conjugate. The effect of chemical linking is more pronounced in the 
catalysis of amitrole than diuron, as judged by the large decrease in potential for 
CoMCPc-PA-SWCNT(linked) compared to CoMCPc/PA-SWCNT(mix)-GCE. PA-
SWCNT alone shows good catalytic activity, as judged by the sharp increase in 
current for both amitrole and diuron oxidation and also lower potentials compared 
to the bare GCE. Thus it is the PA-SWCNT which is actually catalyzing and not the 
CoMCPc. Whereas when CoTCPc was linked to PA-SWCNT, there was clear 
catalysis by CoTCPc in the presence of PA-SWCNT. This could be attributed to the 
electron donating nature of PA-SWCNTs. 
The good catalytic property of the conjugate is in agreement with its good 
electron transfer efficiency, i.e. a smaller ∆Ep value relative to the other modified 
electrodes (Table 5.6). In both cases, the catalytic oxidations of diuron and amitrole 
were initiated at more negative potentials and accompanied by sharp rises in 
currents in comparison to other electrodes used in this study, confirming catalysis of 
the two by CoMCPc-PA-SWCNT(linked). It is also important to note than the 
presence of SWCNTs does improve catalysis, though it becomes more defined in the 
conjugate (see peak oxidation potentials, Table 5.6). The oxidation peak potentials of 
amitrole occurred at approximately the same potential on CoMAPc-SWCNT(linked) 
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and CoMCPc-PA-SWCNT(linked), Table 5.2. This may be due to the electron 
donating nature of the benzyl-mercapto groups, whose effects far outweigh the 
electron withdrawing effects of the phenoxycarboxy group in CoMCPc-PA-SWCNT 
conjugates, hence the similarities in the oxidation potentials of both amitrole and 
diuron. In terms of oxidation potentials for both amitrole and diuron, CoMAPc-
SWCNT(linked) and CoMCPc-PA-SWCNT(linked) are relatively better electrodes 
compared to the rest, Table 5.2.  The oxidation peak potentials for both amitrole and 
diuron occur in the region for the CoIIIPc-1/ CoIIIPc-2 redox processes, hence they are 
catalysed by these species.  
 
5.6.2 Electrode stability  
 
 
 
Figure 5.33: 30 continuous cyclic voltammetric evolutions for 10 µM amitrole 
generated on GCE modified with CoMCPc-PA-SWCNT(linked). Inset: Cyclic 
voltammograms for 10 µM diuron on the same electrode. Scan rate = 100 mV/s. pH 
4 buffer. 
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Figure 5.33 shows the cyclic voltammograms (30 for each) evolved in 10 µM 
solutions of amitrole and diuron (Fig. 5.33 inset). The stabilities of the modified 
electrodes were confirmed by noting the drop in current from scan 1 to 2. The order 
of passivation of the electrodes by amitrole oxidation products is as follows: 
CoMCPc-GCE (29%) > PA-SWCNT-GCE (25%) ~ CoMCPc/PA-SWCNT(mix)-GCE 
(24%) > bare GCE (20%) > CoMCPc-PA-SWCNT(linked)-GCE (18%), Table 5.6. 
Therefore the CoMCPc-PA-SWCNT(linked) electrode is the most stable i.e. more 
resistant to passivation by the amitrole oxidation products. The resistance to 
passivation due to diuron oxidation products is as follows: CoMCPc/PA-
SWCNT(mix)-GCE (24%) > PA-SWCNT-GCE( 25%) > CoMCPc-GCE (30%) > bare 
GCE (33%) > CoMCPc-PA-SWCNT(linked)-GCE (37%). Thus for diuron oxidation, 
CoMCPc-PA-SWCNT(linked) is passivated most and hence the least stable, Table 
5.6. This was also observed on CoTCPc-PA-SWCNT(linked), showing that the 
presence of PA increases passivation from diuron oxidation products, possibly due 
to increased л-л interactions. However the CoMCPc-PA-SWCNT(linked) electrode 
was successfully regenerated by shaking it in methanol and scanning in pH 4 buffer 
solution. Good reproducibility of the voltammograms confirmed little or no leaching 
of the CoMCPc-PA-SWCNT(linked) electrode. As discussed above, the strong л-л 
interactions between the GCE and the CoMCPc-PA-SWCNT(linked) could be 
responsible for the limited leaching. Under conditions of continual use and storage 
in pH 4 buffer, the electrode has a life span of more than 2 months.  
 
5.6.3 Tafel slopes 
Plots of current versus the square root of sweep rate for both amitrole and diuron 
gave linear relationships confirming diffusion controlled oxidation processes for 
both amitrole and diuron on the CoMCPc-PA-SWCNT(linked) electrode. From the 
relationship of peak potential and log scan rate for an irreversible diffusion-
controlled process (Eq. (5.1)) [245], Tafel slopes of 200 and 180 mV/decade were 
obtained for amitrole and diuron, respectively. Though these slopes could be of not 
much significance, they however highlight the issue of electrode passivation since 
they are higher than the 30-120 mV/decade expected for a one-electron rate 
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determining step. The α-values for amitrole and diuron were 0.71 and 0.67, 
respectively, Table 5.2. 
 
5.6.4 Chronoamperometric studies 
Chronoamperometry was run for concentrations from 12.5 µM to 20 µM for 
both amitrole and diuron. Using plots similar to Fig. 5.28 but on CoMCPc-PA-
SWCNT(linked), the rate constants for the chemical reaction between amitrole and 
diuron and the redox sites of surface confined CoMCPc-PA-SWCNT(linked)-GCE 
were determined according to Eq. 5.3 [247] and found to be 1.83 × 106 M−1 s−1 and 
1.99 × 106 M−1 s−1, respectively. These values represent very fast oxidation processes 
on the electrode surface. This electrode gave the highest catalytic rate constants for 
both amitrole and diuron compared to all other electrodes in Table 5.2. 
From the current-concentration plots, sensitivities of 5.10 and 3.70 A mol-1 L 
cm-2 were obtained for amitrole and diuron, respectively. The CoMCPc-PA-
SWCNT(linked) electrode shows a higher sensitivity towards amitrole than diuron 
as observed with CoMAPc-SWCNT(linked). The limits of detection were estimated 
to be 0.14 µM and 0.20 µM for amitrole and diuron, respectively, using the 3δ 
notation. These values are quite reasonable considering what has been obtained in 
other studies [78,257,306]. However the sensitivities for both amitrole and diuron are 
lower than those observed on CoMAPc-SWCNT(linked), but higher than the rest of 
the electrodes except FeTAPc-SWCNT(linked) and poly-Ni(OH)TAPc (for diuron), 
Table 5.2. The limits of detection for both amitrole and diuron are higher than those 
for CoMAPc-SWCNT(linked), Table 5.2. 
Plots of log I versus log [concentration], for both amitrole and diuron showed 
that the electrocatalysis of both amitrole and diuron is approximately first order, 
indicating that one analyte molecule interacts with one molecule of CoMCPc-PA-
SWCNT(linked), as with the rest of the electrodes. From the above stated arguments 
and also that the CoIIIPc-1 species are implicated in the catalysis, the proposed 
mechanism for the catalytic oxidation of amitrole or diuron is similar to the one 
shown by Eqs. 5.15-5.16 for CoMAPc-SWCNT(linked). 
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5.6.5 Interference studies 
 
Figure 5.34: Chronoamperometric evolutions for (i) pH 4 buffer, (ii) 10 µM 
amitrole and (iii) 1:1 amitrole to diuron on CoMCPc-PA-SWCNT(linked)-GCE 
polarized at 0.8 V (versus Ag|AgCl). 
 
The observed chronoamperometric evolutions (Fig. 5.34) show the 
interference of diuron on the detection of amitrole. Figure 5.34(i) is the current 
generated by the CoMCPc-PA-SWCNT(linked) electrode in pH 4 buffer in the 
absence of analyte (background current), while Fig. 5.34(ii) shows oxidation current 
for both amitrole and the background. Higher current (Fig. 5.34(iii)) is observed in 
the presence of diuron (mixture), showing that diuron is contributing towards the 
total current as observed before and is an indication of its interference. The mixed 
solution method discussed above was used to confirm the interference of diuron in 
the detection of amitrole on the CoMCPc-PA-SWCNT(linked)-GCE, since these two 
analytes follow the similar oxidation mechanism and have very close oxidation 
potentials on this electrode. The value of Kamp was determined from Eq. (5.5), using 1 
× 10−5 M for both diuron (interferent) and amitrole. As stated above a Kamp values 
less than 10−3 indicate non-interference while one which falls within the order of 10−3 
suggests that the species is an interferent but not a strong one. For an equimolar 
solution of amitrole and diuron, a Kamp value of (2.8 ± 0.08) × 10−1 was obtained, 
indicating that diuron interferes with the detection of amitrole. This electrode 
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therefore cannot be used for the dual determination of amitrole and diuron as 
already stated for the other electrodes.  
 
5.7.   2-ME catalysis 
2-ME has been studied extensively in basic media where it is oxidized at very low 
potential values. This work represents its oxidation in acid media which is more 
difficult and less studied. 
 
5.7.1 CoTAPc-SWCNT(linked)  
5.7.1.1 Cyclic voltammetry 
 
Figure 5.35: Cyclic voltammograms a-d for 1 mM 2-ME buffered at pH 4   (a) 
CoTAPc-SWCNT(linked)-GCE, (b) CoTAPc/SWCNT-COOH(mix)-GCE, (c) 
CoTAPc-GCE and (d) SWCNT-COOH-GCE and (e) bare GCE. Scan rate = 50 
mV/s. 
 
Cyclic voltammograms of SWCNT-COOH-GCE, CoTAPc-GCE, 
CoTAPc/SWCNT-COOH(mix)-GCE, CoTAPc-SWCNT(linked)-GCE and bare GCE 
in 1 mM 2-ME (pH 4) are shown in Fig. 5.35. No peak was observed on the bare 
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electrode alone for 2-ME (Fig. 5.35e). Larger currents were observed for CoTAPc-
SWCNT(linked)-GCE (Fig. 5.35a) compared to the rest of the electrodes, followed by 
CoTAPc/SWCNT-COOH(mix)-GCE (Fig. 5.35b).  The currents for CoTAPc-
SWCNT(linked)-GCE are much higher than for CoTAPc/SWCNT-COOH(mix)-GCE, 
considering the fact that the former did not show currents due to CoTAPc, while the 
latter did in Fig. 4.1. Thus the CoTAPc-SWCNT complex has proved to be a better 
catalyst for 2-ME. The oxidation of 2-ME occurred at 0.76 V on CoTAPc-GCE, 0.67 V 
on CoTAPc/SWCNT-COOH(mix)-GCE and 0.60V on CoTAPc-SWCNT(linked)-GCE 
(Table 5.2), thus showing that chemical linking enhances the activity of CoTAPc-
SWCNT conjugates.  
 
5.7.1.2 Stability of the CoTAPc-SWCNT(linked) (14) 
 
                           
 
Figure 5.36: Cyclic voltammograms for (a) 30 continuous cycles of CoTAPc-
SWCNT(linked)-GCE in 1 mM 2-ME and (b) 3 successive regenerations of 
CoTAPc-SWCNT(linked)-GCE after rinsing in methanol and running in 1 mM 2-
ME (pH 4). Scan rate = 50 mV/s. 
 
Figure 5.36a shows a voltammogram for 30 continuous scans on the conjugate 
modified electrode in 1 mM 2-ME. The CoTAPc-SWCNT(linked)-GCE showed high 
stability, an indication of being highly resistant to passivation. A 6% drop in current 
from the first scan to the second scan was observed for the CoTAPc-SWCNT(linked)-
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GCE relative 26% for the CoTAPc/SWCNT-COOH(mix)-GCE. The CoTAPc-
SWCNT(linked) modified electrode was very durable and showed minimum/no 
signs of stripping from the electrode, and was easily recovered by rinsing it in 
methanol (Fig. 5.36b). 
A linear dependence of 2-ME concentration on cyclic voltammetric currents is 
shown in Fig. 5.37. The linear concentration range was 2 x 10-5 to 1.4 x 10-4 M and a 
sensitivity of 2.82 A mol-1 L cm-2 was obtained. The limit of detection of 1.2 x 10-7 M 
using the 3δ notation which is higher than 1 x 10-6 M obtained in other studies was 
achieved [314]. 
 
           
Figure 5.37: Dependence of 2-ME concentration on peak currents. 
 
5.7.1.3 Tafel slopes 
The plots of sweep-rate normalised current density (Ipν-1/2) versus the sweep 
rate showed typical behaviour for a catalytic process for CoTAPc-SWCNT(linked)-
GCE.  A linear relationship was observed between the peak current and square root 
of the scan rate (Figures similar to Fig. 5.5), indicating that the 2-ME electro-catalytic 
oxidation is diffusion controlled. 
The Tafel slope was determined using   Eq. 5.1 and plot of Ep versus log v. A 
Tafel slope of 37 mV/decade was obtained for CoTAPc-SWCNT(linked)-GCE and is 
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within the normal 30-120 mV/decade for a one electron transfer rate determining 
step. An electron transfer coefficient of 0.40 was obtained. 
 
5.7.1.4 RDE studies 
Figure 5.38: Rotating disk voltammogram for 2-ME (1.0 x 10-6 mol cm-3) oxidation 
on GCE modified with CoTAPc-SWCNT(linked). Rotation rate = 1000 rpm, scan 
rate = 20 mV.s-1. Inset: Koutecky-Levich plot. 
 
Further experiments were performed using a rotating disk electrode (RDE) 
linear scan voltammetry technique. The RDE voltammetric evolutions were obtained 
at a constant concentration of 1 mM 2-ME and at different rotating electrode speeds.  
Fig. 5.38 shows a typical RDE curve obtained for 2-ME oxidation on CoTAPc-
SWCNT(linked)-GCE at 1000 rpm. The Koutecky-Levich plot (Fig. 5.38, inset) was 
obtained from the Koutecky-Levich theory [245]. The results in Fig. 5.38 (inset) show 
that the inverse of the catalytic currents increased linearly with increasing ω-1/2 with 
a positive intercept, indicating that the electrode reactions are controlled by both 
kinetics and the mass transport of 2-ME species at the electrode surfaces, as 
predicted by Koutecky and Levich, Eq. 5.9. A catalytic rate constant of 3.8 x 103 M-1 s-
1 was obtained. The Tafel slope was found to be 43 mV/decade (α = 0.63), Table 5.2. 
This is in close agreement with the Tafel slope of 37 mV/decade obtained from cyclic 
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voltammetry studies. These Tafel slope values are lower than 70 mV/decade that 
have been obtained elsewhere [100]. The values of the Tafel slopes suggest that the 
first one electron transfer is rate determining. However the α value (0.63) obtained 
from RDE studies is higher than the one obtained from cyclic voltammetry (α = 0.40).  
 
5.7.2 NiTAPc-SWCNT(linked)  
5.7.2.1 Cyclic voltammetry 
 
      
Figure 5.39: Cyclic voltammograms for A: (a) NiTAPc-SWCNT(linked)-GCE in pH 
4 buffer and (b) NiTAPc-SWCNT(linked)-GCE (1 mM 2-ME in pH 4 buffer) and B: 
(a) bare GCE, (b) NiTAPc-GCE, (c) SWCNT-COOH-GCE, (d) NiTAPc/SWCNT-
COOH(mix)-GCE, and (e) NiTAPc-SWCNT(linked)-GCE in 1 mM 2-ME (pH 4 
buffer). Scan rate = 100 mV/s. 
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Figure 5.39 shows the voltammograms for the NiTAPc-SWCNT(linked)-GCE 
in pH 4 buffer (Fig. 5.39A(a)) and in 1 mM 2-ME  in pH 4 buffer (Fig. 5.39A(b)). Peak 
I is due to the NiIII/NiII oxidation process (in both Fig. 5.39A(a) and (b)) [103-106], 
while peak II (0.95 V versus Ag|AgCl) in Fig. 5.39A(b) is due to the oxidation of 2-
ME at the electrode surface. The 2-ME oxidation peak has been reported at 0.78 V on 
electrodes modified with CoPc derivatives and at pH 4 [98], which is a lower 
potential than reported in this work. CoTAPc-SWCNT(linked) showed a lower 
oxidation potential for 2-ME compared to NiTAPc-SWCNT(linked). However, this 
work clearly shows that the linking of SWCNT does improve the catalytic activity of 
NiTAPc, which is not known to be catalytic unless it has been polymerized in NaOH 
to form O-Ni-O bridges [315]. 
 Figure 5.39B shows the comparative cyclic voltammograms of NiTAPc-
SWCNT(linked)-GCE, NiTAPc/SWCNT-COOH(mix)-GCE, NiTAPc-GCE, SWCNT-
COOH-GCE and the bare-GCE in 1 mM 2-ME in pH 4 buffer. Peak I around 
potentials 0.4 V – 0.6 V (versus Ag|AgCl) represent the NiIII/NiII oxidation process 
as observed in other studies and stated above [103-106], while peak II around 0.95 V 
(versus Ag|AgCl) is due to the oxidation of 2-ME. Relative to all other electrodes the 
bare GCE gave no 2-ME signal but on introduction of NiTAPc-SWCNT(linked) as 
observed for CoTAPc, a  2-ME peak was observed showing that the conjugate 
catalyses the oxidation of 2-ME. At the potential for catalytic oxidation of 2-ME, the 
background contribution from the NiTAPc-SWCNT(linked) is the least relative to 
the other modified electrodes (see Fig. 4.5). The NiIIIPc-1 species are implicated in the 
catalysis of 2-ME. The current response for 2-ME on NiTAPc-SWCNT(linked)-GCE is 
higher than for all modified electrodes in Fig. 5.39B(e), thus showing improved 
catalytic activity of the linked NiTAPc-SWCNT. NiTAPc-SWCNT(linked) show 
higher currents for 2-ME oxidation than for NiTAPc alone or NiTAPc/SWCNT-
COOH(mix), showing that the linking of SWCNT to NiTAPc is important for the 
catalytic oxidation of 2-ME.  
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5.7.2.2 Electrode stability  
Figure 5.40: Cyclic voltammograms showing the effect of continous cyclisation of  
NiTAPc-SWCNT(linked)-GCE in 1 mM 2-ME (pH 4 buffer). Scan rate = 100 mV/s. 
 
Figure 5.40 shows the stability of the NiTAPc-SWCNT(linked) modified 
electrode in 1 mM 2-ME. A drop in current of about 15% from the first scan to the 
second scan at the oxidation potential of 2-ME was observed. The order of stability is 
as follows: NiTAPc-SWCNT(linked)-GCE > SWCNT-COOH-GCE > NiTAPc-GCE ≈ 
NiTAPc/SWCNT-COOH(mix)-GCE. NiTAPc-SWCNT(linked)-GCE is more 
passivated by 2-ME oxidation products than CoTAPc-SWCNT(linked), Table 5.2. 
The drop in current is an indication of the passivating nature of the 2-ME oxidation 
products. However the electrode was easily regenerated by shaking in pH 4 buffer 
solution. Under conditions of continuous use the electrode is stable for up to 6 weeks 
if stored in pH 4 buffer.  
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5.7.2.3 Tafel slopes 
 
Figure 5.41: Plots of  peak potential, Ep, versus pH for 2-ME. 
 
Plot of peak currents versus the square root of the sweep rate gave a linear 
relationship (similar to Fig. 5.5b), an indication that the oxidation of 2-ME is 
diffusion controlled. Plot of sweep rate normalized current versus sweep rate gave a 
curve typical of a catalytic process (similar to Fig. 5.5c). 
Plot of Ep versus log v (using Eq. 5.1 for an irreversible process, similar to Fig. 
5.5a) gave a linear relationship and a Tafel slope of 86 mV decade-1. This is consistent 
with a one-electron rate determining step [316], and is in agreement with what has 
been obtained in other studies [267,268]. The transfer coefficient was found to be 
0.37. 
The pH dependence of the peak potential (Ep) is shown in Fig. 5.41. It was 
observed that the peak potentials shifted to more negative values with increase in 
pH (Fig. 5.41), with slope of 0.0579 V/pH which indicates the involvement of one 
electron and one proton [265]. 
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5.7.2.4 Chronoamperometry   
    
        
Figure 5.42: (a) Typical chronoamperograms: (i) pH 4 buffer, (ii) 3.75 x 10-4 M, (iii) 
4.3 x 10-4 M, (iv) 5 x 10-4 M, and (v) 7.5 x 10-4 M for 2-ME in pH 4 buffer. Inset:  Plot 
of different Cottrell slopes at different concentrations of 2-ME vs. concentration. 
(b) Plot of Icat/Ibuf vs. t1/2 obtained from the chronoamperometric evolutions at the 
NiTAPc-SWCNT(linked)-GCE in pH 4 buffer on addition of 1 mM 2-ME. 
Potential = 1.1 V. 
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Figure 5.42a shows typical single step chronoamperometric evolutions 
recorded after polarization of the NiTAPc-SWCNT(linked)-GCE at 1.1 V for the 
buffer and the different concentrations of 2-ME (in pH 4 buffer). Using Fig. 5.42b and 
Eq. 5.3, the rate constant (k) for the reaction between 2-ME and the redox sites of 
surface confined NiTAPc-SWCNT(linked) was found to be 2.95 x 103 M-1 s-1. This 
value is smaller than what was observed on the CoTAPc-SWCNT(linked). 
Unfortunately there is no information that could be obtained from the literature on 
the rate constants for the electrochemical oxidation of 2-ME in acid media. These 
large values indicate that the electrochemical oxidation of 2-ME at NiTAPc-
SWCNT(linked)-GCE surface is very fast.  
 
5.7.2.5 Rotating disk electrode experiments 
 
                 
400 600 800 1000
2 µA
i
vi
E/V vs. Ag|AgCl
 
  (a) 
 
 
 
y = 2.9883x + 2.1716
R² = 0.995
4
8
12
16
1.5 2.5 3.5 4.5
(I
li
m
)/
µ
A
ω1/2 (rad.s-1)1/2
(b)
  Results and Discussion 
236 
 
       
Figure 5.43: (a) Rotating disc electrode voltammograms (rpm): (i) 50, (ii) 100, (iii) 
200, (iv) 300, (v) 400, and (vi) 500 for 1 mM 2-ME on NiTAPc-SWCNT(linked)-GCE 
in pH 4 buffer. Scan rate = 20 mV/s, (b) Levich plot for the variation in oxidation 
current with increasing rotational speed, (c) Koutecky-Levich plot for 1 mM 2-ME 
on NiTAPc-SWCNT(linked)-GCE in pH 4 buffer.  
 
Figure 5.43a shows the linear sweep evolutions of the rotating disc electrode 
experiments obtained at the NiTAPc-SWCNT(linked)-GCE for 0.2 mM 2-ME in pH 4 
buffer. The oxidation of 2-ME at a surface modified GCE is governed by mass 
transfer process in the solution and the relationship between the limiting current and 
the rotational speed should obey the Levich equation (Eq. 5.13) [245]. Fig. 5.43b 
shows a linear relationship between the limiting current and the electrode rotational 
speed, in agreement with Eq. 5.13. 
The Koutecky-Levich plot (Fig. 5.43c) was obtained from the conventional 
Koutecky-Levich theory [105] represented by Eq. 5.9. The observed linear 
relationship between inverse of catalytic current and ω-1/2 with a positive intercept 
(Fig. 5.43c) indicate that the electrode reactions were controlled by both kinetics and 
the mass transport of 2-ME species at the electrode surfaces. From the intercept, the 
value of k was found to be 2.06 x 103 M-1 s-1, Table 5.2, which is in close agreement 
with a value of 2.95 x 103 M-1 s-1 obtained from chronoamperometric studies. 
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Using chronoamperometry it was observed that the current – concentration 
plots of 2-ME was linear (equation: peak current (µA) = (0.197 µA/µM)[2-ME] + 8.73) 
in the concentration range 5 x 10-6 – 1 x 10-4 M, highlighting the usefulness of this 
method as an analytical tool. The sensitivity was 2.53 A mol-1 L cm-2 and the LOD 
was found to be 0.15 µM using the 3δ-notation and higher than for CoTAPc-
SWCNT(linked). This detection limit is lower than what has been reported in other 
studies [314] and therefore can serve as a good method for the detection of 2-ME. 
 
5.7.3 Effect of the metal centre on catalysis of 2-ME 
The cyclic voltammetry data for FeTAPc-SWCNT(linked) on 2-ME is being 
used in this thesis to only deduce the effect of the metal centre on catalysis, hence 
was not discussed in detail above. 
Figure 5.44 shows the comparative oxidation voltammograms for 2-ME on 
CoTAPc-SWCNT(linked) (a,14), FeTAPc-SWCNT(linked) (b,15) and NiTAPc-
SWCNT(linked) (c,16) conjugates. The 2-ME oxidation peak on the CoTAPc-SWCNT 
electrode is at 350 mV less positive compared to both FeTAPc-SWCNT and NiTAPc-
SWCNT electrodes, Table 5.2. The CoTAPc-SWCNT conjugate is therefore a better 
electrocatalyst and this is not surprising since the oxidation of thiols is closely related 
to the CoIII/CoII couple of the CoPc species in acid media [251]. Cobalt metal centre 
enhances the catalytic oxidation of thiols because its orbital energies closely match 
those of sulphur, enabling easy transfer of electrons from the sulphur orbital to the 
dz2 and dxz orbitals of the metal [25]. The oxidation of thiols proceeds via an inner 
sphere mechanism [25], with bonding between the sulphur atom and the active 
metal centre occurring before or during electron transfer [25]. At pH 4, the FeIIIPc-1 
species are implicated in the catalysis of 2-ME. Though the oxidation peak potential 
for 2-ME on FeTAPc-SWCNT(linked) (15) and NiTAPc-SWCNT(linked) (16) 
electrodes is approximately the same (0.95 V vs. Ag|AgCl), its oxidation is initiated 
at lower potentials for the latter, an indication of better catalytic properties for 
conjugate (16).  Peak I represent the NiIII/NiII oxidation process [103-106] and is 
responsible for the early oxidation of amitrole.  
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Figure 5.44: Comparative cyclic voltammograms for: (a) CoTAPc-SWCNT(linked) 
(14), (b) FeTAPc-SWCNT(linked) (15) and NiTAPc-SWCNT(linked) (16) in 1 mM 
2-ME (pH 4 buffer). Scan rate = 100 mV/s. 
 
5.4 Conclusions 
Most of the MPc modified electrodes used in this study were good 
electrocatalysts for 2-ME, amitrole or diuron, except for CoTCPc (8) and CoMCPc 
(10). This may be due to the electron withdrawing nature of the carboxylic acid 
groups, which interfere with the oxidation of the electro-active cobalt centre. 
Conversion of the poly-NiTAPc (7c) into poly-Ni(OH)TAPc was also accompanied by 
improved catalytic activity of diuron due to the presence of the activated NiIII/NiII 
redox species. Chemically linking amine and carboxylic acid functionalized 
SWCNTs to MPc improved catalysis. Amine carrying SWCNTs induced good 
catalytic activity into the electro-inactive carboxy-MPcs (i.e. CoTCPc and CoMCPc). 
This was more pronounced in CoTCPc (8) and less in CoMCPc (10), possibly due to 
the electron-donating benzyl-mercapto groups and the little electron-withdrawing 
effect of the phenoxycarboxy group in the later. Impedance studies (Nyquist plots) 
showed that chemically linking SWCNTs to MPcs produce electrodes with lower 
resistance to charge transfer, hence the good catalytic properties observed in all the 
conjugates used in this study. Bode plots showed that catalysis was occurring from 
modified electrodes rather than the bare GCE surfaces. Tafel slopes observed for 2-
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ME on CoTAPc-SWCNT(linked) (14), FeTAPc-SWCNT(linked) (15) and NiTAPc-
SWCNT(linked) (16) were within the 30-120 mV/decade expected for a one-electron 
rate determining step. This also indicated that in the presence of SWCNTs, 
passivation of the electrode is limited. However, for amitrole and diuron, the Tafel 
slopes were higher than 120 mV/decade expected of a reaction in which an 
electrochemical step precede a very fast chemical reaction. This phenomenon has 
been explained in terms of increased interaction between the catalyst and the 
substrate, which is convincing in this study because of the dipole-dipole interactions 
between the л-electrons of the analytes and those of the catalyst. 
Chronoamperometry and RDE studies showed that the kinetics of analytes on poly-
Ni(OH)TAPc and MPc-SWCNT(linked) electrodes was much favourable, with 
catalytic rate constants being higher on the latter. Highest rate constants were 
observed on CoMCPc-PA-SWCNT(linked) (20) electrodes, followed by CoMAPc-
SWCNT(linked) (19) for both amitrole and diuron. Studies also showed that diuron 
strongly interferes with the detection of amitrole, and in a suspected mixture HPLC 
separation is recommended before analysis. 
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CHAPTER 6 
 
SYNTHESIS AND  
CHARACTERIZATION OF  
SINGLE 
 WALLED CARBON  
NANOTUBES  
(SWCNTs) 
 
This chapter deals with the synthesis of SWCNTs from the pyrolysis 
of an iron (II) phthalocyanine (FePc) in the presence of ferric acetate 
and metal free phthalocyanine (H2Pc). 
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6.1 Synthesis of SWCNTs 
 FePc, metal free phthalocyanine and ferric acetate (Fig. 6.1b1) were mixed 
together in the ratio of 1:1:2 using a pestle and mortar (Fig. 6.1b4). The powdered 
mixture was converted into activated tablets in a tablet making attachment (Fig. 
6.1b2), to a 300 kN Press (Fig. 6.1a). The activated tablets (Fig. 6.1b3) were ground 
into powder (Fig. 6.1b5) using a pestle and mortar and placed in a ceramic boat and 
then inserted into a quartz heating tube. The quartz tube and its contents were 
placed into a furnace (Fig. 6.1c) and the temperature raised to 1000 0C in the presence 
of an argon/hydrogen mixture flowing at a rate of 40 cm3/min for 1 h, after which 
the furnace was allowed to cool. The synthesized SWCNTs (raw SWCNTs) were 
subsequently removed from the furnace. Such SWCNTs normally contain impurities 
like carbonaceous materials (e.g. amorphous carbon, fullerenes and carbon 
nanoparticles) and metal catalyst particles.  
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Figure 6.1: (a) 300 kN Press M-30 from the Research and Industrial Instruments 
Company, England, (b) (1) FePc/metal free Pc/ ferric acetate mixture, (2) Pc tablet 
making accessory, (3) activated FePc/metal free Pc/ ferric acetate tablet, (4) pestle 
and mortar  and (5) activated FePc/metal free Pc/ ferric acetate powder and (c) 
Carbolite Furnace, Zenith 681. 
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6.2 Purification of SWCNTs 
The raw SWCNTs were mixed with toluene and the mixture thoroughly 
stirred for 2 h to remove any fullerenes [107] that may be present. Amorphous 
carbon and carbon nanoparticles were removed through oxidation of SWCNT in a 
3:1 mixture of concentrated H2SO4: concentrated HNO3 for 2 h [154], leaving behind 
relatively pure SWCNTs [107]. This chemical purification process is selective and 
removes carbonaceous impurities due to their dangling bonds and structural defects 
[107] with the only limitation being the opening of the CNT ends and the 
introduction of oxygenated terminals [155]. These purified SWCNTs were then 
subjected to low-speed centrifugation in order to remove any unoxidised amorphous 
carbon, leaving behind SWCNTs and carbon nanoparticles (CNPs), in the sediment. 
The remaining mixture was then exposed to high-speed centrifugation that settled 
CNPs leaving SWCNTs suspended in aqueous media [107]. Chemical oxidation of 
the SWCNTs and centrifugation ensured effective purification. The resulting 
SWCNTs were centrifuged and washed with millipore water several times until a 
pH of 5 was attained, giving SWCNT-COOH. The SWCNT-COOH were oven dried 
at 110 0C for 12 h [154].  The acid treated SWCNT-COOH were analyzed through 
different spectroscopic and microscopic techniques.  
 
6.3 Characterization of SWCNTs 
6.3.1 Transition Electron Microscopy (TEM) 
TEM can provide qualitative information on defects, and on amorphous 
carbons and fullerenes that are adsorbed onto the CNTs walls [107] with the 
limitation being its failure to give quantitative information [171].  The TEM in Fig. 
6.2 shows the functionalized SWCNT dispersed in DMF. The dark sports observed in 
Fig. 6.2 could be remnant metallic (iron) clusters after acid treatment [164]. The TEM 
pictures confirm that it is the SWCNTs that were successfully synthesized since the 
diameters of SWCNTs are normally within the range of 1-3 nm [317]. CNTs with 
diameters greater than 3 nm are referred to as large diameter SWCNTs [317]. The use 
of a catalyst such as Fe usually results in SWCNT, but MWCNT can form depending 
on the ratio of catalyst to carbon and FePc to metal free Pc [140]. The TEM images 
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show diameters that are of varied sizes, from 2.56 nm to 10.03 nm and are several 
nanometers long. This shows that the synthesized CNTs are single walled and the 
observed larger diameter sizes could be due to aggregated SWCNTs.  Normally for 
the non-activated FePc, the SWCNT bundle diameters are in the range 40 – 100 nm 
[318], but in this work diameter sizes were reduced to less than 20 nm, showing, 
additionally, the effectiveness of the activation process. 
 
 
 
Figure 6.2: TEM image of functionalized SWCNTs dispersed in DMF.  
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6.3.2 UV-vis Spectroscopy  
 
Figure 6.3: UV-vis spectra for (a) raw SWCNTs and (b) SWCNT-COOH dispersed 
in DMF. 
 
UV–vis spectroscopy is a rapid and convenient qualitative technique to 
estimate the relative purity of bulk SWCNTs [171]. The absorption spectra for both 
the raw and the functionalized SWCNTs are relatively smooth with increased 
absorption for the SWCNT-COOH as shown in Fig. 6.3. Normally raw CNTs 
absorption spectra are associated with van Hove singularities of metallic and 
semiconducting nanotubes that are attributed to their band-gap transitions whose 
widths reflect the overlap of features from CNTs having different diameters and 
chiral indices [186]. These van Hove singularities are absent in purified SWCNTs 
[176,187,188]. 
 
6.3.3. Infrared Spectroscopy 
Figure 6.4 shows the FTIR spectra for the raw SWCNTs and functionalized 
SWCNTs. Raw SWCNTs show ill-defined absorption bands which improved with 
functionalization as observed elsewhere [167]. Well defined peaks for SWCNT-
COOH at 3448, 2967, 2998, 1740, 1368 and 1214 cm-1 are attributed to the O-H, C-H, 
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C=O, C-N and C-O stretches, respectively, as has been reported before [167]. This 
confirms the successful synthesis and functionalization of the SWCNTs.  
 
 
Figure 6.4: FTIR spectra for (a) raw SWCNTs and (b) SWCNT-COOH. 
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6.3.4 Thermogravimetric analysis 
 
 
Figure 6.5: TGA of (a) (i) metal free Pc, (ii) non-activated metal free Pc/FePc/ferric 
acetate mixture, (iii) ferric acetate, (iv) FePc and (v) activated metal free 
Pc/FePc/ferric acetate mixture. (b)  (i) SWCNTs (purchased), (ii) synthesized raw 
SWCNT and (iii) SWCNT-COOH at a heating rate of 10 0C/min under nitrogen. 
 
Thermogravimetric analysis (TGA) was used to show quantitative and 
qualitative structural and behavioral differences between the metal free Pc, FePc, 
ferric acetate, non-activated and activated (metal free Pc/FePc/ferric acetate) 
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mixture. Figure 6.5a compares the TGA traces for metal free Pc, FePc, non-activated 
Pc mixture, activated Pc mixture and ferric acetate. Derivative TGA was used to 
deduce the initial decomposition temperatures for all the materials under study. 
Thermal decomposition of the FePc (Fig. 6.5a (iv)) begins at around 230 0C as 
observed elsewhere [319], a temperature very close to where ferric acetate starts to 
decompose (220 0C), while the decomposition of the metal free Pc begins at around 
560 0C (Fig. 6.5a (i)). In the  non-activated metal free Pc/FePc/ferric acetate mixture, 
the decomposition of ferric acetate and FePc begins in the temperature range 220-230 
0C, in agreement with thermogram (iii) for ferric acetate and (iv) for FePc. The 
decomposition of the activated mixture is initiated at a lower temperature compared 
to the non-activated mixture. This was confirmed by derivative TGA, which gave the 
initial decomposition temperatures for the activated and non-activated mixtures to 
be 205 0C and 245 0C, respectively. It can be conclusively deducted from TGA studies 
that the compression method of activation is effective in imparting the necessary 
structural and behavioral changes that are required for the formation of CNTs from 
the mixture. This leads to the lowering of the decomposition temperatures in the 
activated mixture (as shown in Fig. 6.5a (v)) which in turn should lead to the 
lowering of the pyrolysis temperature of the Pcs.  
Figure 6.5b shows the thermograms obtained for raw SWCNTs (purchased), 
raw SWCNTs (synthesized) and SWCNT-COOH (synthesized). Samples of 1.4 mg 
each of SWCNTs (purchased), raw SWCNTs (synthesized) and SWCNT-COOH were 
heated under nitrogen from 50 0C to 625 0C at a heating rate of 10 0C/min. The 
difference in the nature of the TGA profiles is an indication of their structural 
differences. Weight loss observed for the raw CNTs (purchased and synthesized) 
may be due to loss of water, but is more likely due to the destruction of the residual 
amorphous carbon present in the carbon nanotubes [194]. For SWCNT-COOH, 
further weight loss could be due the decomposition of the carboxylic acid group in 
addition to the loss of water and maybe some remaining amorphous carbon. TGA 
traces showed similar weight loss of ~ 17.0 % (at 625 0C) for both the purchased and 
synthesized raw SWCNTs and 39.1 % for the functionalized SWCNTs. Similarities in 
the % weight loss for the purchased and synthesized CNTs signifies approximately 
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equal amounts of amorphous carbon content. Having considered the weight loss due 
to adsorbed volatiles (6.1%), the % loss due to amorphous carbon is ~13.1, giving a 
purity of about 80.8% (as single walled carbon nanotubes) at 625 0C. Their quality is 
comparatively good relative to the Aldrich SWCNTs, whose carbon content as single 
walled carbon nanotube is estimated to be 82.5 % at the same temperature. This is a 
crude estimation, based on the assumption that all impurities have been eliminated, 
though CNTs are known to contain some residual metallic clusters, irrespective of 
the acid washing [131].  
The extent of functionalization is expressed as the number of substituents per 
SWCNT carbon atoms. By applying the formula reported in the literature [209], the 
estimated weight loss due to the functionalization of SWCNT-COOH was 22.1 % 
giving on average, one carboxylic group per 13 carbon atoms.  
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6.3.5 X-ray diffraction spectroscopy 
 
 
 
Figure 6.6: XRD spectra for the synthesized (a) raw SWCNTs and (b) SWCNT-
COOH. 
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Table 6.1:  2, d-spacings and peak intensities of the synthesized SWCNTs. 
 
2θ d-spacings Intensity 
Raw SWCNTs   
21.7; 25.8; 30.3; 33.2; 35.7; 43.4; 
49.5; 52.5; 54.1; 57.5 
4.09; 3.44; 2.95; 2.70; 2.57; 2.09; 
1.83; 1.70;    1.61 
2527.1; 2610.1; 1946.2; 
1275.1; 5235.9; 1480.7; 770.0; 
792.0; 920 
SWCNT-COOH   
22.0; 25.7, 26.0; 31.4; 33.1; 35.8; 
43.4; 49.5; 52.4; 54.0; 57.5 
4.05; 3.46; 2.84; 2.70; 2.51;  2.09; 
1.84; 1.74; 1.70; 1.60 
3590.6; 3160.1; 613.6; 1097.0; 
920.6; 980.2; 389.6; 310; 
377.21; 381.2 
 
 
X-ray diffraction spectroscopy was used to explore the structural differences 
between the raw and the carboxylic acid functionalized SWCNTs (SWCNT-COOH). 
Figs. 6.6a and b shows the XRD spectra for raw SWCNTs and SWCNT-COOH, 
respectively. Table 6.1 lists the 2θ-values, d-spacings and the peak intensities for the 
two forms of SWCNTs. The peaks at 2θ angles of 25.70, 43.40 and 52.40 in Fig. 6.6b 
SWCNT-COOH) correspond to the graphite (002) d-spacing of the SWCNTs [193-
195], the (111) and (200) reflections of carbon [195], respectively. The raw SWCNTs 
show these peaks at 25.80, 43.40 and a small peak at 52.50, respectively. 
Functionalization of SWCNTs increased the intensities of the first two peaks while 
the rest of the peaks decreased in intensities. Decreases and increases in peak 
intensities could be associated with the oxidizing nature of the H2SO4/HNO3 
mixture. Peaks at ~330, 360 and 57.50 have been observed elsewhere and assigned 
Miller indices but their origin was not explained [194]. 
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6.3.6. Raman spectroscopy 
Figure 6.7: Raman spectra for (a) raw SWCNTs and (b) SWCNT-COOH. 
 
Raman spectroscopy is a fast, convenient and non-destructive analytical 
technique and can be used to some extent to quantify the amount of impurities by 
using the ratio of D/G bands under fixed laser power intensity [320]. Figure 6.7 
shows the Raman spectra of the raw and functionalized SWCNTs. The D and G 
bands are at 1294 and 1595 cm-1 and at 1313 and 1585 cm-1 for the raw and 
functionalized SWCNTs, respectively. The ratios of D/G peak intensities for the raw 
and functionalized SWCNTs are 0.56 and 0.87, respectively. This significant increase 
in the D band intensity is an indication of hybridization from sp2 to sp3 of the side-
wall carbon atoms, as has been reported [164]. The appearance of D and G-bands is 
an indication of successful synthesis of CNTs. 
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6.3.7 Electrochemical characterization 
 
Figure 6.8: Comparative cyclic voltammetric evolutions of 1 mM of [Fe(CN)6]3−/4− 
in 0.1 M of KCl using bare GCE (a) and SWCNT-COOH-GCE (b). Scan rate = 20 
mV/s. 
 
The performance of purified SWCNTs was evaluated by studying parameters 
such as peak separations (∆Ep), overpotentials and peak currents of electroactive 
species. The electrocatalytic behaviour of the SWCNTs was evaluated against the 
bare electrode. It has been reported that the use of CNTs improves the reversibility 
of redox processes [246,321] by providing many active sites. Fig. 6.8 shows the cyclic 
voltammograms of the [Fe(CN)6]3−/4− redox probe on bare GCE and SWCNT-COOH 
modified GCE. The SWCNT-COOH-GCE gave a peak-to-peak separation of 60 mV 
versus 70 mV for the bare electrode (at a scan rate of 20 mV/s), showing that the 
SWCNT-COOH modified electrode has better electron transfer properties.  
The electro-activity of SWCNT based electrodes for the oxidation of amitrole was 
studied in pH 4 buffer, Fig. 6.9. In general, catalytic activity is evidenced by lowering 
of overpotential and increased currents. In Fig. 6.9, catalytic activity of the SWCNT-
COOH was evidenced by sharper voltammograms [249,250] at reduced reaction 
overpotentials. The oxidation of amitrole occurred at ~0.81 V on the SWCNT-
COOH-GCE versus ~0.92 V observed on the bare GCE, an indication of better 
electron transfer mediation by the SWCNT-COOH adsorbed on the GCE. 
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Figure 6.9: Comparative cyclic voltammograms for the bare GCE (a) and SWCNT-
COOH-GCE (b) in pH 4 buffer; the bare GCE (c) and SWCNT-COOH-GCE (d) in 
0.12 mM amitrole. Scan rate = 100 mV/s. Inset: The molecular structure of amitrole. 
 
6.4 Conclusion 
The use of the compression technique to activate the phthalocyanine 
employed in this work, proved to be very effective, rapid and reduced the time 
required for the synthesis of CNTs from days to hours. TEM proved to be an 
essential analytical tool in ascertaining the successful synthesis of SWCNTs. XRD, 
Uv-vis, FTIR, Raman, TGA and cyclic voltammetry were also used to characterize 
the in-situ synthesized SWCNTs. Based on the different CNT diameters observed in 
the synthesized SWCNTs, it proves that the conditions necessary for the control of 
the diameter sizes of CNTs is still a major challenge. 
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CHAPTER 7 
 
 
 GENERAL CONCLUSIONS 
& FUTURE PERSPECTIVES 
 
 
This chapter summarizes the results obtained for the studies 
conducted and reported in this thesis and future prospects. 
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7.1 General conclusions 
The synthesis of tetrasubstituted carboxy and amino carrying MPcs (including 
low symmetry) was successfully achieved. Microscopic, spectroscopic and 
electrochemical techniques were used in the characterization of the synthesized 
MPcs and MPc-SWCNT conjugates. Chemically linking MPcs to SWCNTs improves 
the catalytic properties of phthalocyanines.    
Results showed that catalysis of MPcs and MPc-SWCNT conjugates is affected by: 
(i) The nature of substituents on the MPc, with the COOH group rendering 
the Pc molecule non-catalytic. However, chemically linking the carboxy 
carrying MPc to SWCNTs (11, 12), catalytic activity is induced into the Pc 
molecule. 
(ii) The nature of functional groups introduced onto the SWCNT. Amine 
carrying SWCNTs enhance catalytic activity more than carboxylic acid 
functionalized CNTs. 
(iii) Presence of a linker, e.g. CoTAPc-SWCNT (14) versus CoTCPc-EA-
SWCNT (18) or CoTCPc-PA-SWCNT (17), the EA and PA greatly enhance 
catalysis, as confirmed by the reduced oxidation overpotentials in the 
later.  
(iv) The size of the molecule/nature of conjugate. Tetrasubstituted conjugates 
are less catalytic compared to the nanosized complexes of low symmetry 
MPcs with SWCNTs (19,20). This could be due to their good alignment on 
the electrode surface. 
(v) In conjugates of low symmetry MPcs with SWCNTs (19,20), amine 
functionalized SWCNTs produced better catalytic properties relative to 
SWCNT-COOH (13), as shown by the very high catalytic rate constants. 
This behaviour has also been observed for the conjugates of tetra- amino 
and carboxy MPcs with SWCNTs (iii above). 
(vi) Conversion of poly-NiTAPc into poly-Ni(OH)TAPc, improved catalytic 
properties of the later.  
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(vii) Application of conjugates to simultaneously determine amitrole and 
diuron is very difficult due to the non-selectivity of electrodes. It therefore 
calls for a separation of the two prior to electrochemical analysis. 
 
Although MPcs, especially those carrying electroactive metals and SWCNTs are 
catalytic, the work described in this thesis shows improved electron transfer 
properties for the MPcs when they are chemically linked to SWCNTs. This has 
resulted in high catalytic currents at reduced reaction overpotentials for both 
amitrole and diuron, relative to the MPcs and SWCNTs alone. 
 
7.2 Future perspectives 
Comparative studies should be done between SWCNTs carrying carboxylic 
acid groups on both the walls and the terminals. This will enable deductions to be 
made about the solubilities and the catalytic properties of the MPc-SWCNT 
conjugates. Improved solubility of SWCNTs can also be brought through chemically 
linking them to MPcs via ester bridges. Thereafter, comparative work can be done on 
the catalytic efficiencies of ester-bridged versus amide-bridged conjugates. More 
work can also be done to show the effects of introducing larger alkyl or aryl groups 
onto the surface of the SWCNTs and how this will affect the electrocatalytic activities 
of the MPcs. Further electrocatalytic studies can be done on MPcs that are directly 
linked to the SWCNTs through a carbon-carbon bond (in the absence of an amide 
linkage).  
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